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ABSTRACT
A new reactor model of the Washington State University TRIGA was developed
in the SCALE neutron transport code, and its fidelity was verified by comparison to
MCNP and available data for several reactor parameters. The model was used to
characterize irradiations designed to produce the short-lived actinides 237U and 239U, two
key isotopes for nuclear forensics. These short-lived actinides, their decay daughters
237

Np and 239Pu, and total fissions (via 99Mo) were measured in irradiated foils at Los

Alamos National Laboratory and other labs with good agreement among parent/daughter
pairs and among labs. The laboratory-measured isotope ratios were used as a benchmark
for the model determination of reaction rates. The flux distribution in the foils was also
determined. Finally, using the continuous energy TSUNAMI-3D module of SCALE, a
sensitivity/uncertainty analysis was performed to determine the effects on foil reactions
caused by other system-wide reactions and by uncertainties in the known cross-sections.
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INTRODUCTION
This document first describes an experiment performed under Los Alamos
National Laboratory (LANL) programmatic work that focuses on nuclear forensicsrelated radiochemical and mass spectrometric measurements. The experiment involved an
irradiation at the Washington State University (WSU) TRIGA reactor designed by Pacific
Northwest National Laboratory (PNNL). Both high-enriched uranium (HEU) and
depleted uranium (DU) foils were initially characterized for ingoing actinide isotopics by
both LANL and PNNL, and were then irradiated in the reactor and subsequently
dissolved at PNNL. Aliquots of the dissolved solution were shipped to multiple
participating laboratories for radiochemical measurements.
Measurements on the solutions included 99Mo by beta counting, 237U and 239Np by
gamma spectrometry, and 237Np and 239Pu by mass spectrometry. The author of this thesis
was responsible for 239Pu and 237Np purification for measurement by thermal ionization
mass spectrometry (TIMS), as well as experimentation to adjust existing separation
chemistry designed for environmental samples that would allow it to accommodate
higher levels of uranium. The measurements were compared between teams (i.e.,
radiometric measurements of short-lived actinides were calibrated to mass spectrometric
measurements of the long-lived daughters) and also across participating labs as a quality
assurance/quality control exercise. The exercise provided the necessary short-lived
materials required for the cross-calibration of isotopes that are not routinely collected in
forensics background samples.
Expanding on and using these experimental measurements as a benchmark, this
thesis also involved creating a model of the WSU reactor in the SCALE neutron transport
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code from an existing MCNP geometry as described in sections below. The irradiations
were simulated successfully, providing the benchmark values of the reaction rates of
interest, the 238U (n,2n) 237U relative to 238U (n,γ) 239U reactions. The benchmark values
for 99Mo production (and therefore the number of fissions in each foil) were also
successfully modeled. The SCALE continuous energy TSUNAMI-3D module was then
used to perform a sensitivity analysis of the reaction ratios to other reactions in the
reactor and an uncertainty analysis to identify contributions of cross-section uncertainties
system-wide to the uncertainty of the reactions ratios.
The following chapters provide a brief overview of nuclear forensics to illustrate
the importance of the uranium activation reactions, some background on the WSU
reactor, a preparatory experiment to characterize the chemistry that would be used to
process the irradiated foils, the irradiation experimental setup, measurement techniques
and results, the development of a SCALE model of the reactor, and finally the results of
the sensitivity/uncertainty analysis of the reactions.

2

CHAPTER 1: Nuclear Forensics Background
Nuclear forensics has been defined as “a methodology that aims at re-establishing
the history of nuclear material of unknown origin” (Mayer K. , et al., 2011), or again as
“the examination of nuclear and other radioactive materials using analytical techniques to
determine the origin and history of this material in the context of law enforcement
investigations or the assessment of nuclear security vulnerabilities” (International Atomic
Energy Agency, 2020). Nuclear forensics is considered a relatively modern scientific
field and is currently undergoing rapid changes. Its roots date back to World War II with
the development of the atomic bomb during the Manhattan Project. In the years
following, radiochemical purification and measurement techniques were optimized for
analysis of weapons test debris to evaluate device performance during and after testing.
In today’s world, nuclear forensics is divided into two subcategories: predetonation nuclear forensics (pre-det) and post-detonation nuclear forensics (post-det).
Pre-det focuses on materials that have not [yet] been exploded in a nuclear weapon, such
as reactor fuel (spent or fresh/unirradiated), uranium ore concentrates (UOCs), weapons
fuels, and other related components. Pre-det forensics has a main goal of source
attribution, or using an intercepted material’s characteristics to determine where it came
from, and to answer questions such as how a material was purified and prepared or what
its intended purpose might be. Post-det nuclear forensics focuses on the debris remaining
after a nuclear explosion. In addition to the questions explored in pre-det forensics, postdet has the additional goal of determining weapon performance and design. With the rise
of illicit trafficking of nuclear materials and cessation of nuclear weapons testing by most
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State actors, pre-det nuclear forensics is becoming more widely practiced than post-det.
However, post-det nuclear forensics remains an integral piece of national security.
Whether pre- or post-det, both subcategories of nuclear forensics investigate the
same types of nuclear materials. In addition to Special Nuclear Material (SNM), or the
fissile isotopes 233U, 235U, and 239Pu, other types of materials are also of interest. As
summarized by Moody, Grant, and Hutcheon (2015), “further categories of weaponsrelated material are Other Nuclear Materials (e.g., 237Np, 241Am, 252Cf, 6Li, T[3H], D[2H])
and Source Materials (e.g., natural U, Th, D-38 [U depleted in 235U]).
Useful pre-det forensic information about a nuclear material can be gleaned from
the material’s macroscopic and microscopic appearance. Color and crystal grain size and
morphology can be tracked for some lots of prepared materials. Information such as
whether the material is fabricated as a fuel pellet with certain height and diameter, with or
without a bore hole, can indicate the type of reactor it was headed to or came from
(Mayer, Wallenius, & Ray, 2004). However, the primary fingerprint of a nuclear
material is its isotopic composition—for plutonium, the 238Pu/239Pu, 240Pu/239Pu,
241

Pu/239Pu, and 242Pu/239Pu ratios and for uranium the 233U/238U, 234U/238U, 236U/238U, and

especially 235U/238U ratios. These isotopics provide information on the grade of the
material, the enrichment, the reactor burn-up time, and the neutron flux and energy
spectrum it may have been exposed to.
Secondary fingerprints include a list of up to 69 other elements that might be
present within a nuclear material, and are usually considered impurities, although some
were intentionally added (Burger, et al., 2014). Trace elements such as Ga, Mg, Mn, Zr,
Mo, Re, Nb, Sr, Pb, Np, Am, and rare earth elements from Ce to Lu contained within
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bulk nuclear materials can be valuable markers. The presence or absence of certain
elements, or their specific concentration, might carry meaning such as what uranium
mine a raw material may have come from, how a material was processed, how well it was
purified, or whether it was alloyed with another material (Spano et al., 2017). Trace
actinide measurements, such as 241Am, can provide information on the age since a
plutonium-based material was last purified, as it grows in over time from its parent 241Pu.
For post-det forensics on debris, identification and quantification of elements
within a nuclear material can also provide clues as to weapon performance, including
information such as fuel type, burn efficiency, and device design. Because post-det
nuclear materials will have undergone a large number of fissions, fission product isotopes
become key measurements. A strong nuclear forensics workup will include a mixture of
fission product data from the peak yield isotopes, such as 99Mo, 89,90Sr, 137Cs, 140Ba,
144

Ce, and 147Nd, the valley fission products such as 111Ag and 115Cd, and also the wings,

such as 161Tb. The fission product yield (FPY) of any particular isotope, or its likelihood
of formation, depends on the fissioning parent species (235U, 233U, 239Pu, etc), the energy
of the incident neutron inducing the fission, and the angular momentum of the compound
species (Gooden, et al., 2016). Specifically, “the peak-to-valley ratio of the distributions
decrease with increasing mass of the fissioning nucleus” as seen in Figure 1 (Loveland,
Morrissey, & Seaborg, 2017).
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Figure 1: Comparison of Fission Product Yields for 3 Fissioning Nuclides.
Although the peak fission products have similar yields, the valley products and
high mass wing differ significantly depending on the mass of the fissioning
nuclide. Reproduced from Loveland, Morrissey and Seaborg, 2017.
There are also significant differences in fission product yields depending on the
incident neutron energy inducing the fission. Figure 2 below illustrates the marked
difference between fission product yields of the wings and valley products when the
incident neutron energy inducing fission in 235U increases from thermal to 14 MeV.
Again, the peak yield fission products’ yields do not differ significantly. The ratio of
measured fission product concentrations in the peaks compared to measured
concentrations of wing and valley fission products can be utilized in nuclear forensics to
make inferences about the fissioning material and the environment it was exposed to.
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While identification of the fissioning matter is much more readily done using actinide
measurements, the so-called fission split is a good indicator of incident neutron energy as
well.

Figure 2: Comparison of Fission Product Yields from 235U at 3 Incident Neutron
Energies.
As incident neutron energy increases, the asymmetric fission split curve
flattens out, with significant differences in the production of valley and wing
fission products and more symmetrical fission. (National Nuclear Data Center,
2018)
At Los Alamos National Labs, 99Mo, a peak yield fission product, has been
historically used as a reference nuclide to establish the fission basis in radiochemical
forensics diagnostics. In other words, the 235U thermal fission yield for 99Mo production
is used as a normalizing factor to quantify the number of fissions that occurred in, or to
produce, a particular debris sample. In practice, LANL has used “R-values” to quantify
the fission products measured in a sample since the 1940s (Spence, 1949). The R-value is
a ratio of ratios, where the measured activity of a fission product produced in a fissioning
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material is normalized to the activity of 99Mo produced in the same fissioning material
(ratio “little r”), and subsequently that ratio is normalized to the little r value determined
for 235U thermal fission in calibration experiments (Equation 1-1).
𝐴
( 𝑖⁄𝐴

𝑅𝑖 =

)

99𝑀𝑜 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑒𝑛𝑒𝑟𝑔𝑦

𝐴
( 𝑖⁄𝐴

)

1-1

99𝑀𝑜 235𝑈,𝑡ℎ𝑒𝑟𝑚𝑎𝑙
92

Where i = any fission product of interest and A = activity (Chadwick, et al., 2010). The
use of ratios is advantageous in cancelling uncertainties from poorly known nuclear data,
systematic biases in detectors, and the absolute number of fissions that may have
occurred.
The 99Mo fission product is favorable as a reference nuclide because “…its fission
product yield has minimal variability with incident neutron energy (peak fission product)
and with fissioning species (239Pu, 235U and 238U)” (Selby, et al., 2010). It also has a
relatively short half-life (2.75 days) that makes it easy to count, as long as samples are
not too old.
Because of the importance of the 99Mo fission basis and its value in nuclear
forensics, its measurement was key in the WSU irradiation experiment characterized in
this work.

99

Mo was included in the modeled reactions in SCALE alongside the actinide

reactions for uranium, neptunium, and plutonium.
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CHAPTER 2: Anthropogenic Uranium Isotopes and Neutron Reactions on 238U
Uranium is a critical component of both nuclear power reactors and nuclear
weapons. It is a naturally occurring element in Earth’s environment with an average
crustal concentration of 3.0 ± 0.6 µg U/g soil (Adams, Osmond, & Rogers, 1959), where
it exists as a mixture of three primary isotopes: 238U, 235U, and 234U. Naturally occurring
uranium is characterized by the atom ratios of these isotopes, where 235U/238U =
0.0072549 ± 0.011% and 234U/238U = 5.2853x10-5 ± 0.030% (Richter, et al., 2010). Other
isotopes of the element also exist, although no longer significantly in nature due to their
shorter half-lives and decay since their primordial generation. These other isotopes,
including 232U, 233U (a fissile isotope), 236U, 237U, and 239U, do play important roles in
today’s nuclear world. They are produced as a result of neutron interactions on 238U or on
other isotopes and are considered anthropogenic nuclides. They serve a variety of
different purposes, both directly and indirectly, including as reactor fuel, potential fuel
for nuclear weapons, as a marker of illicit nuclear activities for safeguards purposes, and
as fingerprints of device design in nuclear forensics.
The production of 233U occurs when 232Th (naturally occurring) absorbs a neutron
to produce 233Th, which decays through 233Pa to become 233U (Equation 2-1), thus
making 233U production a part of what’s known as the thorium fuel cycle.
232
90𝑇ℎ

+ 𝑛 →

233
90𝑇ℎ

𝛽−

→

233
91𝑃𝑎

𝛽−

→

233
92𝑈

2-1

Alongside this reaction, small amounts of 232U are also produced by competing
(n,2n) reactions that can occur on 232Th, 233U, or 233Pa. 232U has found importance as a
laboratory chemical tracer in analyses of other uranium isotopes, but is otherwise
considered a contaminant in the production of 233U. Because 233U is fissile, its use in
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both power reactors and as weapons fuel has been thoroughly explored, (Alvarez, 2013)
(Ade, et al., 2014) particularly in breeder reactors, which in theory would ultimately
produce more fissile material than they consume. While research and development is still
ongoing on the thorium fuel cycle and for reactor development, many factors have led to
decreased interest in 233U use, including high gamma dose rates from decay daughters of
232

U produced alongside the 233U, the unexpected low rise in cost of raw uranium over

time, and the fact that reactors using natural or low enriched uranium (LEU) fuels
produce less overall power when thorium is added (Kang & von Hippel, 2001). The
isotope still plays a role in nuclear forensics.
Another anthropogenic isotope of uranium, and the most prevalent, is 236U.
Activations of 235U, i.e. radiative neutron capture, in thermal reactors are the primary, but
not only, production pathway for 236U (Equation 2-2). 236U is also produced as a decay
daughter of 240Pu, but given the long half-life of 240Pu (6560 years), this route will only
become significant in stored/disposed spent fuel.
235
92U

+ nthermal →

236
92U

2-2

A third production pathway for 236U that has played a significant role in
environmental fallout contamination is the 238U(n,3n)236U reaction. This reaction
occurred “in thermonuclear weapons of the fission-fusion-fission type (“Teller-Ulam
design”)…in the final stage, when the fast neutrons from the fusion are employed to
fission uranium in the so-called tamper” (Winkler, Steier, & Carilli, 2012). The threshold
incident neutron energy for this reaction is >11.2 MeV (Appendix A).
238
92𝑈
236

+ 𝑛𝑓𝑎𝑠𝑡 →

236
92𝑈

+ 3𝑛

2-3

U is not only itself a significant fingerprint in nuclear forensics, but can also

play a role in the production of another anthropogenic uranium nuclide, 237U, which is
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another important signature in nuclear forensics. In a thermal reactor, produced 236U can
absorb a thermal neutron (although the absorption cross-section is low) to produce 237U in
a radiative capture reaction: 236U(n,γ)237U (Equation 2-4). An alternate production
pathway for 237U that can also occur in thermal reactors, is the 238U(n,2n)237U reaction.
235
92𝑈

+ 𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 →
238
92𝑈

236
92𝑈

+ 𝑛𝑓𝑎𝑠𝑡 →

+ 𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 →
237
92𝑈

237
92𝑈

+ 2𝑛

2-4
2-5

This latter reaction (Equation 2-5), a major focus of this thesis, has a threshold
incident neutron energy of >6.1 MeV, around which energy the cross-sections were first
determined in 1958 (Knight, Smith, & Warren, 1958). The Q-value of the reaction was
determined here using masses taken from the 2016 Atomic Mass Evaluation (Huang, et
al., 2017) and found to be -6.1537 ± 0.0019 MeV (Appendix A), which matches the value
calculated by the NNDC Q-value calculator (https://www.nndc.bnl.gov/qcalc/qcalcr.jsp).
The threshold energy is also listed there as 6.1798 MeV. Despite its relatively high
threshold energy, this reaction can be an important production pathway of 237U even in
thermal reactors, especially those fueled with natural uranium. As the fuel enrichment
increases, or longer burnup times are experienced, the successive captures in 235U to
produce 237U predominate over the (n,2n) production (Vondy, Lane, & Gresky, 1964).
237

U is a so-called “short-lived actinide” with a half-life of 6.752 days. Its

daughter product (from negative beta decay) is 237Np, which is a long-lived actinide with
a half-life of 2.14E+06 years. The (n,2n) reaction with fast neutrons on 238U that produces
237

U was first explored by Yoshio Nishina and Kenjiro Kimura who published the

discovery of 237U in 1940 (Nishina, et al., 1940). In their work, they surmised the
existence of, but were unable to isolate, a new element, element 93, from the decay of
237

U, which was later named “neptunium.” Working across the world during the same
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timeframe, E.M. McMillan and P.H. Abelson were conducting similar experiments but
with thermal neutrons on 238U, which undergoes radiative capture to produce 239U
(Equation 2-6). 239U is the final anthropogenic isotope of uranium considered here and is
the other primary focus of this thesis. 239U is another short-lived actinide which beta
decays to an isotope of neptunium, 239Np, with a half-life of just 23.47 minutes.
238
92𝑈

+ 𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 →

239
92𝑈

𝛽−

→

239
93𝑁𝑝

2-6

The daughter, 239Np, is itself a short-lived actinide which beta decays with a halflife of 2.356 days. The McMillan and Abelson group was able to isolate this product and
is credited with discovering neptunium in 1940 (McMillan & Abelson, 1940), likely
aided by the short half-life of 239Np compared to 237Np (Ikeda, 2011). 239Np beta decays
into 239Pu, making the 238U(n,γ)239U reaction of primary importance in producing
weapons-usable plutonium fuel.
Because the two isotopes of uranium, 237U and 239U, are both produced by neutron
reactions on 238U (i.e., they share a mutual starting material), but are produced by
neutrons with different incident energies, their relative abundance (i.e., the 237U/239U
ratio) can be used to make inferences about the neutron environment to which a uranium
sample has been exposed. The cross-sections for these two reactions, radiative capture
and (n,2n) on 238U, describe their likelihood of occurrence in a particular neutron
environment. Figure 3 illustrates a comparison of the two cross sections.
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Figure 3: Comparison of Cross Sections for 238U(n,2n)237U and 238U(n,γ)239U Reactions.
The cross section for (n,2n) reactions is zero until the incident neutron energy
reaches >6 MeV, by which point the significantly higher (n,γ) cross section has
dropped from thousands of barns to thousandths of barns. (National Nuclear
Data Center, 2018)
In general, the maximum cross section for the (n,γ) reaction is thousands of times
greater than the maximum (n,2n) cross section. However, the (n,γ) cross section starts to
drop significantly when the incident neutron energy reaches ~1 MeV and is a few orders
of magnitude lower than the (n,2n) cross section by 11 MeV, where the latter value
peaks. Thus, the ratio of produced 237U:239U can vary significantly depending on the
neutron energy incident on 238U. This ratio can be considered a qualitative measure of
the spectral hardness of a neutron beam. (See Figure 21 and related discussion about
spectral hardness in Section 4.4).
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Typically, the ratio of produced 237U:239U is measured more practically as the
daughter products 237Np and 239Pu due to the short half-lives of the parent 237U,
grandparent 239U, and parent 239Np. However, there are advantages in nuclear forensics,
and in some cases a necessity, to measuring the short-lived species instead, as 237U and as
239

Np. These advantages include the absence of other convoluting or ingoing sources of

237

Np and 239Pu (such as from global fallout, particularly in sample collections with

environmental components, from impure source uranium materials, or from debris arising
from mixed fuel components) as well as shortened timelines. By measuring the parents,
results could be made available as soon as possible rather than waiting ~10 half-lives for
complete ingrowth of the daughters, which takes ~67 days. This later measurement is
known as the “infinite time measurement.”
In today’s world, with the prospect of possible terrorist activities, data is needed
as soon as possible to take law enforcement actions. However, shortened timelines are
challenging—it’s not always possible to obtain samples relevant to nuclear forensics or
safeguards fast enough to have sufficient remaining short-lived actinides in them, or the
radioactivity levels that must be handled are much higher if received early. Figure 4
illustrates the production/decay pathways and measurement timeframes for this system.
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Figure 4:

238

U Neutron Reactions, Decay Products, and Measurement Scheme.
Thermal neutrons induce the production of 239U while fission spectrum
neutrons above 6.1 MeV induce the production of 237U, both after fusion with
238
U. Radiochemical measurements can be taken on these products or their
decay daughters at various times post-production.

In order to practice measurements on the short-lived actinides 237U and 239Np,
which are not commercially available, they must first be produced. While it is possible to
develop and maintain chemical purification techniques using the longer-lived isotopes of
each element as surrogates, the instrumental counting methods require the exact isotopes
of interest. Furthermore, there is a need to verify that counting measurements based on
radioactivity of the short-lived isotopes 237U and 239Np are calibrated to other techniques
that are frequently employed, including mass spectrometry on the long-lived daughters
237

Np and 239Pu. Developing and maintaining a laboratory system that can accurately

measure the parents and the daughters has been an objective of the nuclear forensics
radiochemistry program at LANL. With this objective in mind, an irradiation experiment
at the WSU TRIGA reactor was designed to produce the short-lived actinides.
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CHAPTER 3: The WSU TRIGA Conversion Reactor
The Washington State University (WSU) Nuclear Science Center (NSC) located
in Pullman, Washington, USA houses a 1 MW research reactor of the “Teaching,
Research, Isotopes, General Atomics” (TRIGA) design. The original reactor installation
on site occurred in 1960 with initial criticality achieved in 1961 (IAEA, 2018). These
dates are early in the history of TRIGA reactors, as the prototype was commissioned at
General Atomics only 2 years prior in 1958 (General Atomics, 2019). The current
reactor installation at WSU is known as a “conversion type” TRIGA because it is one of
13 worldwide that were converted from the original design (Ridikas, et al., 2016).
Originally the reactor utilized thin rectangular plate MTR (materials test reactor) HEU
fuel, which was converted into a design utilizing inherently safer 4-rod clusters of lowenriched uranium (LEU)-zirconium hydride fuel (Figure 5), while maintaining the
original core grid and its rectangular shape.

Figure 5: Comparison of HEU MTR Fuel with LEU-ZrH 4-Rod Clusters.
The original TRIGA design utilized HEU fuel in rectangular sheets. Under the
Global Threat Reduction Initiative this fuel was replaced with LEU mixtures in
rods. Reproduced from (Ridikas, et al., 2016).
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The reactor core at WSU consists of a rectangular aluminum grid box of rough
dimensions 2.3 ft x 2.0 ft x 2.2 ft (L x W x H) submerged in a pool containing 242,000 L
of purified light water (WSU Nuclear Radiation Center, 2002). The water in the pool
serves to cool the core by natural convection and also acts as a neutron moderator. There
is no pressure vessel or steam turbine associated with the reactor, which is consistent with
its purpose as a training and research reactor. The core hangs from a moving bridge
structure into the water pool as shown in Figure 6. The reactor also has pulsing
capability, whereby the central transient control rod can be ejected rapidly from the core
to increase the reactivity of the core by up to $2.25, to a power of 2000 MW temporarily
(WSU Nuclear Radiation Center, 2002) (See Appendix 2 for a discussion on reactivity
units). This pulsing capability is possible due to the use of uranium-zirconium hydride
fuel.

Figure 6: Washington State University TRIGA Reactor Operational Core and Bridge.
Reproduced from (Ridikas, et al., 2016).
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The UZrH fuel is manufactured by first double arc melting zirconium sponge and
uranium metal, then machining to the appropriate geometry, and finally hydriding this
alloy in a tube furnace under controlled hydrogen atmosphere at around 750°C (Ganguly,
2001). This process creates a zirconium hydride matrix with both U metal and U-Zr alloy
inclusions, as shown in Figure 7. The atom ratio of U:Zr is about 0.31 and the uranium
density in the fuel is ~0.48 g U/cm3—much less dense than the U loading in typical
uranium oxide fuels. Due to this lower U density, higher enrichments are typically
necessary (up to 20% LEU vs up to 5% in typical LWRs). The atom ratio of H:Zr can
vary for different rods but is typically ~1.6 initially to prevent metal phase changes over
the usual operating temperatures. Diffusion of hydrogen toward the ends of the fuel rod
during operation occurs along the temperature gradient and results in H:Zr ratios as low
as 1.46-1.49 at the center and 1.74-1.78 at the periphery (Olander, et al., 2009).

Figure 7: Photomicrograph of (U0.31Zr)H1.6
“The black areas are (probably) uranium metal; the gray region is ZrH1.6. The
white dots are unidentified.” Reproduced from (West, Simnad, & Copeland,
1986)
The 4-rod clusters of LEU-ZrH fuel clad in 304 stainless steel are considerably
safer than the older metal MTR fuel for a number of reasons. The primary advantage is
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the use of LEU instead of HEU, which is important for proliferation resistance. Nuclear
weapons fueled by uranium utilize HEU; thus the use of LEU in research reactors
precludes the funneling of reactor fuel to other illicit purposes. Other advantages include
the low chemical reactivity between the UZrH ceramic and the cladding or coolant,
increased stability at higher temperatures (plate type fuels melt around 650°C whereas
stainless steel cladding retains integrity up to 950°C resulting in superior fission product
retention), and especially the inherent prompt negative temperature coefficient of
reactivity, α, that the alloying of uranium with zirconium hydride provides (General
Atomics, 2019).
The negative temperature coefficient of reactivity means that as the fuel
temperature rises, the k-eff will decrease. This trend was explored in the SCALE model
of the reactor and is depicted in Figure 39 (See Section 6.3). The negative reactivity
coefficient occurs in this type of fuel because a rise in temperature of the fuel lattice
creates energetic oscillations in the hydrogen atoms. This kinetic energy can be
transferred to thermal neutrons during scattering reactions with energetic hydrogen, thus
making the neutrons more energetic and more likely to escape the fuel rod than to cause
fission in neighboring U atoms (Nair, 2016). The end result is a decrease in reactivity.
The temperature coefficient of reactivity, α, expressed in units of Δk/k°C, was -9.5E-05
in the original TRIGA ZrH fuel (Table 1) (U.S. Nuclear Regulatory Commission, 1987).
The first conversion at WSU from HEU to the “original” or “standard” LEU-ZrH
fuel occurred in 1967. The fuel consisted of 8.5% uranium loading enriched nominally to
20% 235U, thus it was referred to as 8.5/20 fuel. The WSU reactor contains 30 four-rod
clusters of fuel, with 1 rod removed for insertion of the central boron carbide transient
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control rod, for a total of 119 fuel rods. Later, in 1976, 51 of the 119 fuel rods were
subsequently switched out for FLIP fuel, or Fuel Lifetime Improvement Program fuel,
which is also a uranium zirconium hydride fuel with 8.5 wt.% uranium loading, but the
enrichment had been increased back to 70% 235U (Ridikas, et al., 2016). This mixed
HEU:LEU core, called Core 34A, was intended to extend the lifespan of the fuel and
reduce the number of fuel element replacements needed in the university setting. In order
to maintain the prompt negative temperature coefficient of reactivity for the HEU fuel,
the neutron poison erbium was added at 1.6 wt % (Table 1).
Table 1: Comparison of TRIGA UZrH Fuel Mixtures and Their Characteristics**

**Reproduced from (U.S. Nuclear Regulatory Commission, 1987)
Values for α are reported here as magnitudes, where α is defined as the negative coefficient of
reactivity.

Finally, in 2008, the WSU reactor was reverted back to an all LEU configuration,
and the FLIP fuel rods were once again removed. They were replaced with 30/20 fuel, or
30 wt % uranium loading with nominally 20% 235U enrichment and 0.9% erbium poison.
Table 1 provides a comparison of the different types of TRIGA UZrH fuels. The resulting
configuration of a mix of 68 standard, or original (8.5/20) fuel rods with 51 LEU 30/20
fuel rods was called Core 35A. This configuration remains today and is mapped in Figure
8.
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Figure 8: Aerial Map of the WSU TRIGA Core 35A Fuel Locations and Features.
The core is a 7 x 9 rectangular grid consisting of a mix of standard fuel and
LEU 30/20 ZrH fuels with 5 irradiation ports (circles),20 graphite reflector
blocks, 3 boral control blades, 1 stainless steel control blade, and a transient
central control rod.
Compared to the original fuel, the LEU 30/20 fuel has a significantly increased
lifespan in the core and only a slightly lower temperature coefficient of reactivity. The
MCNP model and SCALE model developed in this work utilize the Core 35A
configuration as it existed at the time of 30/20 LEU introduction in 2008, with no burnup
represented in the 30/20 fuel rod compositions. The burnup of the standard fuel rods was
updated on 9/30/2009 and is utilized by the model.
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CHAPTER 4: Irradiation Experiment and Measurement Data for DU/HEU Foils
Two separate irradiations were arranged at the WSU TRIGA reactor,
approximately a year apart, but otherwise identical in design and coordinated by staff at
PNNL. The production and handling was described in an after-action report provided
with the samples to the other participating laboratories (Finn, et al., 2018) to clarify
needed specifications for chemistry such as acid matrix for the sampes. The subsequent
measurement characterization of the irradiated foils was a multi-lab effort including
LANL, as part of a large exercise entitled “Method Validation for Short-lived Actinide
Production and Analysis.” After each years’ measurements were completed, an afteraction report was prepared by each laboratory for the other participants for the purposes
of data comparison (Oldham, et al., 2017) (Oldham, et al., 2018), but the data remains
otherwise unpublished.
The following sections describe the irradiation design (Section 4.1) and initial
preparations for chemically handling the foils, including a determination of the expected
uranium separation factors from plutonium and neptunium through the proposed
chemistry (Section 4.2). Next, the processing and analysis of the dissolved irradiated
foils is described, which was done both radiometrically and by mass spectrometry,
depending on the isotope (Section 4.3). Finally, the results for all experimental
measurements are presented (Section 4.4), which serve as the benchmark for the SCALE
reactor model of the TRIGA irradiation.
Section 4.1: Irradiation Setup and Design Considerations
Two uranium foil irradiations at the WSU TRIGA reactor were performed,
approximately a year apart. For each of the two irradiations (April 2017 and May 2018),
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two uranium foils, one depleted (DU) and one enriched (HEU), along with 5 high purity
fluence wires, were irradiated simultaneously in port D8 of the reactor. The mass of each
foil included in each of the 2 irradiations is shown in Table 2. The foils were irradiated
for 8 hours at 1 MW power for both irradiations.
Table 2: Foil Masses and Irradiation Conditions at the WSU TRIGA
Irradiation
Start
Date/Time
(PDT)
4/7/17 8:57
4/7/17 8:57
5/18/18 8:48
5/18/18 8:48

Irradiation
Stop
Irradiation Power Level
Mass of Foil
Date/Time
Foil
Type
Duration
(hr)
(MW)
(mg)
(PDT)
4/7/17 16:57
8.0
1.0
DU
437.8
4/7/17 16:57
8.0
1.0
HEU
44.0
5/18/18 16:48
8.0
1.0
DU
569.8
5/18/18 16:48
8.0
1.0
HEU
44.1

The fluence wires included high purity Cu, Au-Al, Co, Fe, and Ti ranging in size
from 2.6 – 166 mg. The measurement of activation products by gamma spectroscopy in
these wires has been used elsewhere to adjust the neutron spectrum calculated by MCNP
models, particularly in energy ranges where flux is minimal (<100 keV and >10 MeV).
This technique has been described previously (Finn, et al., 2018) (Metz, et al., 2013)
(Greenwood, et al., 2014), but the wires were not included in the SCALE model of this
work.
To prepare for the irradiation, the uranium foils were first pickled to remove
surface oxides in concentrated high purity nitric acid, followed by rinsing in 18 MΩ
water and then acetone. After drying, weights were obtained, and the foils were flame
sealed into individual quartz ampoules. These 2 ampoules were then inserted into a third,
outer ampoule along with the fluence wires. The outer ampoule measures 7 mm i.d. x 9
mm o.d (Figure 9).
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Figure 9: Quartz Ampoule Containing DU and HEU Foils for Irradiation.
The outer ampoule houses 2 separate inner ampoules containing the 2 uranium
foils as well as 5 fluence wires. Reproduced from (Finn, et al., 2018).
The ampoule was placed into a boron carbide capsule enriched in 10B to 96%.
Naturally occurring boron is comprised of 19.9% 10B and 80.1% 11B. The use of enriched
10

B in the capsule takes advantage of the much higher total neutron cross-section of 10B at

low energies over 11B (Figure 10) to significantly reduce the thermal and epithermal
neutron fluxes on the foils inside the capsule. The resulting flux consists of only the
faster fission spectrum neutrons, and so use of the shield is said to have hardened the
spectrum.

Figure 10: Total Neutron Cross-Sections for 10B and 11B.
The cross-section of 10B at low neutron energies is orders of magnitude higher
than that of 11B. Use of enriched 10B in an irradiation shield removes low
energy flux from the spectrum seen by the uranium foils inside the shield.
(National Nuclear Data Center, 2018)
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Neutron absorption by 10B results in an (n,α) reaction (Equation 4-1) that
generates a significant amount of heat within the capsule. Due to the short path-lengths
of large charged particles, both products (7Li and α) remain within the capsule where they
deposit their energy in collisions. To mitigate this problem, a 1 mm thick cadmium liner
was wrapped around the outside of the boron carbide capsule.
10
5𝐵

+ 𝑛 → 73𝐿𝑖 + 𝛼

4-1

Naturally occurring cadmium has 8 isotopes (106Cd, 1.25%; 108Cd, 0.89%; 110Cd,
12.49%; 111Cd, 12.80%; 112Cd, 24.13%; 113Cd, 12.22%; 114Cd, 28.73%; and 116Cd, 7.49%)
(Baum, et al., 2010). Although 113Cd has an even higher thermal neutron cross-section
than 10B, it is only about 12% abundant in natural cadmium and the rest of the isotopes
have around two orders of magnitude lower cross-section (Figure 11). However, when
cadmium absorbs a neutron, the reaction is (n,γ) rather than (n,α) as in 10B, so extra
energy is dissipated as gamma rays that are emitted out of the shield, resulting in less
heating of the shield itself. The use of Cd surrounding the boron shield removes some
thermal neutrons and dissipates that energy, while the use of boron allows for the
removal of remaining thermal neutrons and an increased number of epithermal neutrons.
The 113Cd cross-section drops significantly after about 0.5 eV, but the 10B cross-section
remains in the 1/v region until 10 keV.
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Figure 11: Total Neutron Cross-Sections for 10B and Stable Cadmium Isotopes.
The cross-section of 10B at low neutron energies is ~3 orders of magnitude
higher than that of all cadmium isotopes except 113Cd, which is 12% abundant.
(National Nuclear Data Center, 2018)
The enriched boron carbide capsule shield into which the foil ampoule was placed
measures 5 cm in diameter and is 12 cm tall with a 1 cm diameter central cavity (Figure
12) (Greenwood, et al., 2014). The same shield was utilized for both irradiations.

Figure 12: Enriched 10B4C Shield Which Housed Uranium Foils During Irradiation.
Reproduced from (Greenwood, Wittman, Metz, Finn, & Friese, 2014).
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After the irradiations, the ampoules were cooled ~61 hours at the reactor prior to
shipping to PNNL for initial gamma counting and dissolution. Aliquots of the dissolved
foils were then shipped to multiple laboratories for measurements as described in Section
4.3.

Section 4.2: Experimental Preparations for Handling Uranium Foils
–Determination of Stepwise Separation Factors for U from Pu-Np and
Chemical Recovery Determination
Existing chemistry in the LANL mass spectrometry laboratory was designed to
handle primarily environmental samples, with large dirt loadings but relatively constant
concentrations of uranium and other actinides. The mass spectrometry laboratory is
located in a non-radiologically controlled, certified cleanroom environment in building
RC-45. As such, it was not possible to introduce non-natural uranium foils into the
laboratory without some initial purification steps to remove bulk uranium elsewhere.
Permission to use a laboratory in a separate LANL building known as RC-1 was
obtained from its occupants. However, this laboratory did not have perchloric acid
fuming capability and did have potential radiological legacy contamination in its
hoodspace. Therefore, all reagents and labware were prepared and cleaned in the
cleanroom spaces prior to use in RC-1.
Historical radiochemical procedures designed at LANL were available for
removing large amounts of uranium from trace actinides, however separation factors
were not always documented. One particular procedure of interest was the lanthanum
fluoride (LaF3) precipitation (Smith, 1990), which was known to retain at least some
uranium in the supernatant while precipitating plutonium and neptunium in the fluoride
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pellet. The lanthanum could easily be swapped with neodymium for this precipitation,
which would render it easily compatible with the existing environmental chemistry for
mass spectrometry for plutonium-neptunium, which begins with a neodymium oxalate
precipitation (Figure 13). Over-the-counter neodymium reagents frequently contain
significant amounts of neptunium that must first be chemically removed before adding to
samples for neptunium analysis. This purification is accomplished by anion exchange on
AG1x4, 100-200 mesh, using concentrated hydrochloric acid. After the neodymium
oxalate precipitation, the standard chemistry includes an iron hydroxide precipitation
followed by two nitric acid anion exchange columns utilizing DOWEX AG1x4, 100-200
mesh resin. Finally, purified fractions are mounted on a single ~150 um resin bead and
loaded on a 1.2 mm thick zone-refined rhenium TIMS filament for analysis. The TIMS
routine is a modified total evaporation, static multi-collector method utilizing discreet
dynode ion counters.
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Figure 13: Modified Environmental Chemistry for Analysis of Pu and Np.
An extra initial step to remove bulk uranium matrix (NdF3 precipitation) was
added to allow introduction of uranium foil samples into the cleanroom
laboratory environment.
An experiment was designed to determine the uranium removal factors through
the three precipitation steps of chemistry. Both the chemical recovery of Pu and Np
through the entire procedure, as well as the amount of U remaining after each step were
measured.
For the experiment, two aliquots of approximately 100 ug of a natural uranium
standard reference material, NBL U960, were combined with about 100 fg each of 242Pu
(NIST 4334G) and 237Np (NIST 4341). These 2 aliquots are referred to as Samples 1 and
2. These mixtures underwent the neodymium fluoride (NdF3) precipitation, after which
both the supernatant and the pellet were saved. The supernatant was analyzed for uranium
content after purifying it (primarily from the added reagents) using an existing 3-column
uranium chemistry (Figure 14). The pellet continued on through the rest of the
purification steps for the standard Pu-Np chemistry (Figure 13).
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Figure 14: Standard Environmental Chemistry for Analysis of U.
Existing procedures in the mass spectrometry laboratory utilize a 3 anion
column separation to purify uranium from environmental collections.
A known amount of a second tracer (233U for uranium, 244Pu for plutonium, and
236

Np for neptunium) was added to the purified fractions after the last step for which

chemical recovery is to be determined. Both fractions (the uranium fraction and the
plutonium-neptunium combined fraction) were measured by thermal ionization mass
spectrometry (TIMS). To measure chemical recovery by isotope dilution mass
spectrometric methods (which measures isotope ratios), two tracers or known standard
values are required. One is added at the beginning of chemistry and one is added at the
end, in a known ratio. If material is lost from the first tracer during chemistry, the
measured ratio will deviate from the known, added ratio by some percentage, providing
the chemical yield. This spiking method differs from traditional radiochemistry methods
utilizing counting techniques, wherein a single radioactive tracer can be added at the
beginning of chemistry and measured absolutely at the end to determine losses. For this
experiment, ratios of 242Pu/244Pu, 237Np/236Np, and 238U/233U were measured.
The chemical recovery results for Samples 1 and 2 were compiled with the results
of four other aliquots, called Samples 9 – 12, which were spiked with Pu and Np, but for

30

which no uranium measurement was taken. Chemical recoveries were excellent for
plutonium and neptunium, ranging from 92-98% for plutonium and from 93-100% for
neptunium (Table 3). The amount of uranium removed from the sample pellet and held
back in the supernatant was ~90% of the initial uranium added for Samples 1 and 2.
Table 3: Chemical Recovery of Pu and Np Through All Purification Steps
244

Sample
ID
1
2
9
10
11
12

Pu
atoms
added
2.47E+09
2.93E+09
2.45E+09
2.48E+09
2.46E+09
2.43E+09

242

+/(%) 1σ
0.57
0.57
0.57
0.57
0.57
0.57

236

Sample
ID
1
2
9
10
11
12

Np
atoms
added
1.59E+07
1.67E+07
1.71E+07
1.63E+07
1.59E+07
1.64E+07

Pu
atoms
+/added (%) 1σ
2.35E+08 0.51
2.52E+08 0.51
2.45E+08 0.51
2.29E+08 0.51
2.27E+08 0.51
2.42E+08 0.51

237

+/(%) 1σ
0.60
0.60
0.60
0.60
0.60
0.60

Np
atoms
+/added (%) 1σ
1.65E+08 0.49
1.65E+08 0.49
1.63E+08 0.49
1.62E+08 0.49
1.74E+08 0.49
1.60E+08 0.49

Added

+/Pu/244Pu (%) 1σ
0.095
0.76
0.086
0.76
0.100
0.76
0.092
0.76
0.092
0.76
0.100
0.76

242

Measured

+/Pu/244Pu (%) 1σ
0.093
0.40
0.084
0.35
0.094
0.39
0.085
0.36
0.090
0.35
0.098
0.34
Average:
Relative Standard Deviation:
242

%
Chemical
Recovery
98.3
98.2
94.0
92.3
97.1
97.9
96.3
2.6%

%
+/- Measured
+/- Chemical
237
Np/236Np (%) 1σ 237Np/236Np (%) 1σ Recovery
10.35
0.77
10.38
1.18
100.4
9.86
0.77
9.49
0.54
96.2
9.54
0.77
9.30
1.26
97.4
9.95
0.77
9.23
0.71
92.7
10.99
0.77
10.99
0.62
100.0
9.75
0.77
9.76
0.47
100.0
Average: 97.8
Relative Standard Deviation: 3.1%
Added

To further explore the uranium separation factors, another 6 aliquots of ~100 ug
NBL U960 were prepared, called Samples 2 – 8. For these samples, the uranium
remaining in the pellet after one or more of the precipitations was measured (as opposed
to the amount removed in the supernatant). Chemical yields of plutonium and neptunium
were not measured in these aliquots (the pellet could only go through one type of
chemistry). Two aliquots underwent only the neodymium fluoride precipitation; two
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aliquots underwent both the neodymium fluoride and the neodymium oxalate
precipitations, and the last two aliquots underwent all three precipitations, including the
iron hydroxide precipitation. Again, 233U tracer was added to the material in the pellets
after the relevant precipitation was performed. The pellet/tracer mixtures were
subsequently purified using established 3-column uranium chemistry and measured by
TIMS.
Figure 15 illustrates the experimental setup for measuring uranium separations,
the step where tracers were added, and what ratio was measured via TIMS.
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Figure 15: Experimental Design for Measuring Stepwise Separation Factors of Bulk U
from Trace Actinides and Actinide Chemical Yields.
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The results of this experiment indicate that the NdF3 precipitation provides on the
order of a 10x separation factor of uranium from plutonium and neptunium, which both
suffer little to no losses. Roughly 90% of the initial uranium matrix was removed and
retained in the supernatant (Table 4). An additional ~18x separation is yielded by the Ndoxalate precipitation, which removed ~95% of the uranium that remained after the NdF3
step. Finally, the iron hydroxide precipitation did not provide any additional uranium
removal. These results are plotted in Figure 16 as a percent of the initial uranium
remaining after each precipitation.
Table 4: Uranium Removal Factors Through Precipitation Steps

Sample

U960
Initial U
(ug)

% of Original Approximate
Remaining
U Removal
U Still
U (ug)
Factor
Remaining
10.66
10.1
10x

Steps Undergone

1

105.6

NdF3

2

110.9

NdF3

11.49

10.4

10x

3

120.1

NdF3

13.85

11.5

9x

4

101.5

NdF3

12.22

12.0

8x

5

101.4

NdF3 & Nd-oxalate

0.59

0.58

172x

6

109.2

NdF3 & Nd-oxalate

0.61

0.56

179x

7

107.2

NdF3, Nd-oxalate, & FeOH

0.46

0.43

233x

8

105.5

NdF3, Nd-oxalate, & FeOH

0.65

0.62

161x
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U Remaining in Sample (% of initial amount)

Percent of Original Uranium Still Remaining After Each
Coprecipitation Step
100

10

1

0.1
Initial

NdF3

Nd-Oxalate

Iron Hydroxide

Figure 16: Percent of Initial U Remaining in Pu-Np Fraction After Precipitations.
The NdF3 step has a 10x removal factor while the Nd-oxalate precipitation
provides another ~20x removal, for an overall removal of ~200x. The iron
hydroxide precipitation does not remove significant amounts of U.
Because the chemical recovery of both plutonium and neptunium were excellent
through the entirety of this chemistry, a stepwise determination of recovery for each step
was not determined. Also, the separation factor for uranium from plutonium-neptunium
through the anion exchange columns was not measured here because it has been well
established at LANL and in the literature. Separation factors can range from 103 to 106
depending on the exact column conditions, including flow rate, acidity, concentration of
contaminants, initial ratio of uranium to plutonium, oxidation state adjustments
performed, etc. (Ryan & Wheelwright, 1959) (Kressin & Waterbury, 1962) (Nelson,
Michelson, & Holloway, 1964) (Ryan, 1960). For the chemistry used here, the anion
exchange columns provide a much larger separation of uranium from plutoniumneptunium than the precipitations, but the precipitations provide removal from other
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matrix elements (Groups I and II of the periodic table) as well as reduce the initial
uranium content, both of which optimize ion exchange on the columns.
The separation factors and chemical recoveries determined in the experiment
described above were deemed sufficient to proceed with analysis of depleted uranium foil
material. Depleted uranium may contain measureable amounts of both 239Pu and 237Np.
Because the production of these analytes would be measured after irradiation, it was
important to determine the amounts of these analytes in the ingoing material. If
significant amounts are present in the DU matrix prior to irradiation, it would have to be
subtracted from the amount measured after irradiation and not attributed to neutron
reactions on 238U.
Using the chemistry described above in Figure 13, a piece of the DU foil material
was characterized for trace ingoing actinides that were of interest to the measurement,
including 239Pu and 237Np. A large mass of the DU was required for this measurement,
due to expected low levels of trace analyte. The foil piece was first dissolved in nitric
acid, and an aliquot of that solution containing 56.2 mg U was purified and analyzed for
trace actinide background on an IsotopX Phoenix multicollector TIMS. Measureable
239

Pu was present in the DU foil, at a concentration of 2.92x105 atoms/mg DU. There

was no measureable 237Np in the DU foil prior to irradiation (Table 5). The HEU foil was
not characterized for ingoing actinides because it would only be analyzed for 99Mo
fissions after irradiation, and not for neutron reactions on 238U.
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Table 5: Characterization of Ingoing Actinides in DU Foil Prior to Irradiation
Measured Normalized
U
Measured Measured
Atoms
Atoms
Atoms
Foil
Dissolved Concentration Solution
239
237
Mass
Solution
Pu/g
Np/g 239Pu/mg
in Solution
Aliquot
Foil
± (1σ)
± (1σ)
(mg)
Mass (g)
Soln
Soln
foil
(mg/g)
(g)
DU
566.5
136.733
4.143
13.56
1.21E+06 0.7% <1.4E+04* 2.92E+05 0.7%
*At/Below detection limit

Further characterization of the DU foil prior to irradiation included the
determination of the uranium isotopics (Table 6). There was no detectable 236U measured
in the foil, and the 234U and 235U were both 18-19 times lower than in natural uranium.
The isotopics of the HEU foil were not screened, but the foil was known to be enriched to
93% 235U.
Table 6: Characterization of Uranium Isotopics in DU Foil

Isotopic
Ratio
234/238
235/238
236/238

+/- (%)
Atom ratio
1σ
3.03E-06
0.28
3.83E-04 0.017
< 5E-09
N/A

Reproduced from (Finn, et al., 2018)
Section 4.3: Irradiated Foil Chemical Processing and Measurement Techniques
Two separate but identical irradiations were performed at the WSU TRIGA
reactor, approximately 1 year apart. For each year, radiometric measurements were
performed on both the DU and HEU irradiated foils, and mass spectrometric
measurements were performed on the irradiated DU foil. The analytes of interest
included 99Mo, 237U, 239Np (all measured radiometrically), as well as 237Np, and 239Pu
(measured mass spectrometrically).
At the end of bombardment (EOB), the target package was cooled for ~61 hours
and then shipped to PNNL for processing. The outer ampoule was opened and the
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individual unopened ampoules containing the two different types of uranium foils were
gamma counted for an estimate of fissions that had occurred in each. This estimate guides
the selection of the final dissolved solution volume. After screening, the foils were
removed from their ampoules and dissolved in Optima grade nitric acid alongside a
process blank (leached empty ampoule). A final dissolved foil solution of ~120-130 ml
was prepared in 4M HNO3 for each foil and the blank. These whole solutions were
gamma counted again, and an estimate of 237U and 239Np were determined at PNNL.
These initial values were used to optimize the aliquot sizes taken for purified fraction
measurements of each analyte. A portion of these whole solutions (Table 7) was
aliquotted and shipped from PNNL to LANL (and other labs) for analysis.
Table 7: Dissolved Foil Solution Masses and Aliquots Received at LANL
Mass
Dissolved
Received Total U
Irradiation
Solution [U] mg/g by LANL
mg
Foil
Year
Mass (g) solution
Received
(g)
2017
DU
131.9831
3.3171 32.9257 109.2177
2017
HEU
110.5739
0.3979 22.0506 8.7745
2017
Dissolution Blank 132.8288
0
34.1952
0
2018
DU
143.4295
3.9727 34.1719 135.7547
2018
HEU
143.4731
0.3074 31.2446 9.6046
2018
Dissolution Blank 141.9679
0
32.5962
0

Once at LANL, the dissolved foil solutions were further split, based on analysis to
be performed. The samples were initially handled in the RC-1 radiological facility, and a
portion of each was also sent for whole solution gamma counting. Each of the analysis
techniques is discussed below:
237U:

Four approximately 1 ml aliquots were taken from the dissolved DU foil

solution and purified using UTEVA extraction chromatography. This resin removes a
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large amount of fission product activity as well as 239Np from the sample. The purified
fractions were standardized in a 5 ml 3M HNO3 gamma counting geometry in a
scintillation vial and were counted in sequence three times. The gamma-ray lines utilized
for identification and quantification of 237U included 208.00 keV, 101.059 keV, and
(96.242 + 97.069) keV (not resolvable peaks on this detector). The resulting activity was
decay-corrected to EOB (Equation 4-2) to capture the entirety of the 237U produced:
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 =

𝑡𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 ∗ 𝜆237𝑈
1−𝑒

(−𝑡𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 ∗ 𝜆237 )
𝑈

4-2

The correction for this isotope from an 8 hour irradiation is on the order of 1.7%
(the decay constant  = ln2 / t1/2 = 0.10269 for 237U). The chemical recovery of uranium
through the UTEVA process was measured by isotope dilution ICP-MS using a 233U
tracer and a single collector Thermo X-series II with an ESI Apex desolvation nebulizer.
The tracer was added to the unpurified foil solution and 238U concentration was
determined in whole solution. Tracer was also added to the purified fraction (after
gamma counting) and the remaining 238U concentration was determined for the processed
solution as well. The chemical recovery is the ratio of the two solutions’ concentrations
(unpurified concentration/purified concentration).
239Np:

Four initial ~0.5g aliquots of the dissolved DU foil solution were traced

with 237Np and equilibrated. They were then preconcentrated using the lanthanum
fluoride precipitation and subsequently underwent a liquid/liquid extraction using 2thenoyltrifluoroacetone (TTA) in o-xylene in contact with iron II hydroxylamine
hydrochloride (1M HCl containing the reducing reagent NH2OH‧HCl/FeCl2). The
reducing reagents maintain the neptunium in the +IV oxidation state, so that it
precipitates with the fluoride carrier. A final purification on DOWEX AG MP-1, 50-100
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mesh, anion resin in hydrochloric acid separated neptunium from any uranium and
plutonium remaining in the solution. Finally, the eluant was electrodeposited onto a 1inch stainless steel planchette and gamma counted successively three times. The gamma
ray lines used for identification and quantification of 239Np included the 277.599 keV
peak, the (226.378 keV + 227.83 keV +228.183 keV) combined peaks, and the (106.125
keV +106.48 keV) combined peaks. The planchette was then alpha counted for yielding
using the 237Np tracer. Again the results were decay corrected to EOB using Equation 42. For this isotope, the correction for decay during an 8 hour irradiation is on the order of
nearly 5%.
For the 2017 irradiation, the initial four aliquots had low chemical recovery for
239

Np, so an additional two aliquots were taken for further measurement. These aliquots

were taken approximately 3 half-lives later, so were significantly larger (4.4g) to get a
measurable amount of analyte. Unfortunately, larger aliquots also meant increased
uranium concentration and more difficult separation.
99Mo:

A single 1 ml aliquot of each foil solution, DU and HEU, was taken for

analysis. The aliquot was combined with stable molybdenum carrier (SPEX Certiprep)
and equilibrated and stabilized in the +VI oxidation step with bromine water and sulfuric
acid fuming. The solution then underwent an iron hydroxide precipitation and the
supernatant was collected and resuspended in 6M HCl for purification on a 4cc DOWEX
AG1x8 anion column. The molybdenum was precipitated from the eluant using αbenzoin oxime and converted to MoO3 by ignition to 550°C. This precipitate is rinsed,
dried, weighed, mounted onto a planchette, and covered with Mylar for beta counting.
The counting was performed on automated gas flow proportional detectors using high
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purity propane gas. Typically counts proceed until 10,000 counts are reached and aliquots
are counted multiple times in succession to verify the correct decay half-life of the
isotope of interest.
239Pu-237Np:

The analysis of these two long-lived daughter products was

performed ~63 days or approximately 10 237U half-lives, after EOB. This holding period
ensures that the measurement is not a mixture of the two isobars 239Np and 239Pu, and that
all analyte is present as the species expected with no corrections required. A 100x
dilution was first made of the DU foil solution in 2017, from which three 2g replicate
aliquots were subsampled. In 2018, a 10x dilution was first made of the DU foil solution,
from which four 1g replicate aliquots were subsampled (higher total analyte
concentration). These aliquots were initially handled in the RC-1 radiological facility
where they were spiked with 244Pu and 236Np tracers. After undergoing a neodymium
fluoride precipitation, the pellets were taken to the RC-45 cleanroom facility, where a
temporary radiological area was posted. The fluoride pellets were dissolved and fumed
with perchloric acid, followed by a neodymium oxalate precipitation, an iron hydroxide
precipitation, and two DOWEX AG 1x8 anion exchange columns. There was no
radioactivity remaining after these steps.
The purified column eluant was then equilibrated with a single anion resin bead,
which binds plutonium and neptunium together, and was mounted into a canoe-shaped
zone-refined rhenium filament. The filaments were carburized with benzene and analyzed
in an IsotopX Phoenix multicollector TIMS (Figure 17) with a modified total evaporation
method. This TIMS is equipped with Schutz ion counters. In a static multicollection
mode, masses 237, 239, 236 (tracer) and 244 (tracer) are measured simultaneously.
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Figure 17: Phoenix IsotopX TIMS Housed in LANL’s Cleanroom Facilities.
This mass spectrometer was used to simultaneously measure 237Np and 239Pu
from purified fractions of irradiated DU foils with a modified total evaporation
method.
A summary of the aliquots taken for irradiated foils and analysis techniques used
is provided in Table 8.
Table 8: Analytes and Measurement Techniques Performed for Each Irradiation
Irradiation Foil
Year
Type

Analyte

DU

99

2017

DU

237

2017

DU

2017

DU

2017

HEU

2018

DU

99

2018

DU

237

2018

DU

2018

DU

2018

HEU

2017

Mo
U

239

Np

Approx. Foil Mass
Solution
per
Analytical Method
Number of Mass per Replicate
(Post-Chemical Purification)
Replicates Replicate (g) (mg U)
Beta Counting; Yielded Gravimetrically
1
1.0
3.3
Gamma Counting; Yielded by ICP-MS
Gamma Counting; Yielded by Alpha
Spectrometry

239

Pu- 237Np Thermal Ionization Mass Spectrometry
99
Mo
Beta Counting; Yielded Gravimetrically
Mo
U

239

Np

4

1.0
4 @ 0.5 g;
2 @ 4.4 g

3.3
1.7
14.5

3

0.02

0.066

6

1

1.0

0.40

Beta Counting; Yielded Gravimetrically

1

1.0

4.0

Gamma Counting; Yielded by ICP-MS
Gamma Counting; Yielded by Alpha
Spectrometry

4

1.1

4.4

239

Pu- 237Np Thermal Ionization Mass Spectrometry
99
Mo
Beta Counting; Yielded Gravimetrically
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4

0.5

2.0

4

0.11

0.44

1

1.0

0.31

Section 4.4: Irradiated Foil Measurement Results
The measurement results for all replicates taken at LANL are presented in the
following tables for both the short-lived (239Np, 237U) and long-lived (239Pu, 237Np)
actinides. To illustrate the comparison between measurement techniques from counting
to mass spectrometry, the tables are organized by parent/daughter pairs.
Table 9: Replicate Measurement Results for the 237U and 237Np Parent/Daughter
Actinides for Both DU Foil Irradiations
237

Year
2017
2017
2017

U
Replicate (atoms /
#
mg Foil)
1
1.484E+09
2
1.477E+09
3
1.478E+09

237

± (%)
2.7
2.8
2.7

Np
(atoms /
mg Foil) ± (%)
1.547E+09 0.9
1.396E+09 1.0
1.463E+09 1.0

2017
Average

4

1.462E+09
1.475E+09

2.8
1.4

-1.469E+09

-0.56

2018
2018
2018

1
2
3

1.508E+09
1.525E+09
1.538E+09

2.6
2.9
2.8

1.536E+09
1.488E+09
1.525E+09

1.4
1.3
2.2

2018
Average

4

1.483E+09
1.514E+09

2.5
1.4

1.498E+09
1.512E+09

1.2
0.79

237

U/237Np
1.0046

237

U/237Np
1.0013

The results for mass 237 indicate that the measurement techniques are
appropriately calibrated to the same atom scale. The difference between the
radiochemical beta counting method for 237U and the mass spectrometric measurement
method for 237Np are within 0.46% of each other on average in the 2017 experiment and
within 0.13% of each other in 2018. It is worth noting that the spread in 237Np values for
the 2017 experiment was large in comparison with the individual replicates’ reported
uncertainties, which were likely underestimated. Because the measurement precision is
small compared with the measurement accuracy, it is likely that there were either
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unanticipated sampling errors (from aliquot masses taken or from tracer masses used for
spiking/concentration determination) or instrument background issues not accounted for.
The discrepancy was corrected for the second irradiation experiment in 2018. This data
is plotted in Figure 18.

Comparison of LANL's 237 U and 237 Np Results for Two DU
Foil Irradiations
1.65E+09

Atoms / mg DU

1.60E+09
1.55E+09
1.50E+09
1.45E+09

2017 237U

1.40E+09

2017 237Np

1.35E+09

2018 237U

2018 237Np

1.30E+09

Figure 18: Experimental Measurement Results for the 237U/237Np Parent/Daughter Pair.
Radiochemical measurements of 237U match mass spectrometric measurements
of 237Np within 0.5%. Number of activations produced in the 2017 irradiation
are statistically indistinguishable from those produced in the 2018 irradiation.
Error bars are 1σ total propagated uncertainty and dotted lines represent the
population average and ± 1σ propagated uncertainties of the replicates.
The average atom values produced in the two irradiations in 2017 and 2018 have
no statistically significant difference between them, showing the reproducibility of the
irradiation conditions at the reactor. The relative standard deviation between all 4
population sets (each mass from each year) is 2.6%. Because they are statistically
indistinguishable, it is valid to average all 15 replicate measurements for use as a
benchmark in the SCALE model of the irradiations, and the uncertainty can be taken as a
the propagated uncertainty of all independently sampled and measured replicates. The
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benchmark value for the 238U(n,2n)237U based on these 15 measurements is therefore
1.494E+09 atoms/mg DU foil ± 0.57%.
The results measured for mass 239 show the same overall trend of good
reproducibility in the irradiation conditions from year to year and a fair calibration
between measurement techniques for short-lived and long-lived actinides. The average
239

Pu measurement varied by only 0.58% difference from 2017 to 2018, which is smaller

than the 1σ measurement uncertainty of 0.64% or 0.65% per individual replicate.
Table 10: Replicate Measurement Results for the 239Np and 239Pu Parent/Daughter
Actinides for Both DU Foil Irradiations
239

Year
2017
2017
2017
2017
2017

Np
Replicate (atoms /
#
mg Foil)
1
1.415E+10
2
1.491E+10
3
1.500E+10
4
1.459E+10
5
1.395E+10

239

± (%)
3.0
2.8
2.8
2.4
2.4

Pu
(atoms /
mg Foil)
1.492E+10
1.478E+10
1.494E+10
---

± (%)
0.64
0.64
0.64
---

2017
Average

6

1.406E+10
1.444E+10

2.3
1.1

--1.488E+10 0.37

2018
2018
2018

1
2
3

1.413E+10
1.419E+10
1.432E+10

2.5
2.4
2.4

1.470E+10 0.65
1.471E+10 0.65
1.475E+10 0.65

2018
Average

4

1.400E+10
1.416E+10

2.4
1.2

1.502E+10 0.65
1.479E+10 0.33

239

Np/239Pu
0.971

239

Np/239Pu
0.957

The challenging nature of the 239Np measurement resulted in a larger discrepancy
between radiochemical measurements of 239Np and mass spectrometric measurements of
239

Pu than for the similar comparison of mass 237. The percent differences between

techniques for mass 239 were 2.9% for the 2017 irradiation and 4.3% for the 2018
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irradiation. These values are nevertheless on the order of the measurement uncertainty for
239

Np at 2σ, and the populations are also therefore statistically indistinguishable.
Comparison of LANL's 239 Np and 239 Pu Measurements for Two
DU Foil Irradiations
1.55E+10

Atoms / mg DU

1.53E+10

1.51E+10
1.49E+10
1.47E+10

1.45E+10
1.43E+10
1.41E+10

2017 239Np

1.39E+10

2017 239Pu
2018 239Np

1.37E+10

2018 239Pu

1.35E+10

Figure 19: Experimental Measurement Results for the 239Np/239Pu Parent/Daughter
Pair.
Individual error bars shown are 1σ total propagated uncertainty, and dotted
lines represent the population average and ± 1σ propagated uncertainties of
the replicates. Radiochemical measurements of 239Np match mass
spectrometric measurements of 239Pu within 2 std. dev. for each of the
irradiations. Number of activations produced in the 2017 irradiation are
therefore indistinguishable from those produced in the 2018 irradiation.
The benchmark value for the 238U(n,γ)239U reaction in the DU foil can be taken as
the average of all 17 replicate measurements of 239Np and 239Pu combined, which is
1.454e+10 atoms/mg DU ± 0.48%. The benchmark ratio of reactions for 238U(n,2n)237U :
238

U(n,γ)239U is therefore 1.494E+09 / 1.454e+10 = 0.1028 (Table 11).
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Table 11: Experimentally Determined Benchmark Values for the (n,2n)/(n,γ) Reaction
Rate Ratio in 238U Using all Replicate Data Measured at LANL for 237U, 239Np,
237
Np, and 239Pu from Two Identical DU Foil Irradiations at WSU.
238

238
U(n,2n)237
U(n,γ)239U
U Activations
Activations /
/ mg DU
± (%)
mg DU
± (%)

2017 Average
2018 Average
Combined Average

1.473E+09
1.513E+09
1.494E+09

0.82
0.78
0.57

1.459E+10
1.448E+10
1.454E+10

0.72
0.62
0.48

237/239
Benchmark ± (%)
0.1009
0.1045
0.1028

1.1
1.0
0.74

As discussed in Chapter 1, the measurement of 99Mo, a peak yield fission product,
serves as an indication of the number of fissions that have occurred in a sample. The
99

Mo is measured by beta counting, and after corrections for decay and chemical yield,

the atom value at EOB is adjusted for the thermal fission yield of 99Mo in 235U, which is
taken as 6.108% ± 1.4 rel.% (Selby, et al., 2010). Thus the 99Mo measurement results are
reported as “fissions” (Table 12).
Because both a DU and an HEU foil were included in the irradiation, the relative
number of fissions that occurs in each can be compared. The ratio of fissions in DU
(238U) to fissions in HEU (235U) is a qualitative measure called the Spectral Index that
provides some information on the relative hardness of a neutron spectrum but is also a
function of the relative 235U enrichments. Spectral Index was calculated as shown in
Equation 4-3:
𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑠

𝑆𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝐼𝑛𝑑𝑒𝑥 =

𝑔 𝐷𝑈

⁄𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑠
𝑔 𝐻𝐸𝑈
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4-3

Table 12: LANL Measurement Results for 99Mo Fissions and Spectral Index
Irradiation Mass of Foil
Start Date Foil (mg) Type
4/7/2017 437.8
DU
4/7/2017
44.0
HEU
5/18/2018 569.8
DU
5/18/2018 44.1
HEU

fissions /
g Soln
9.020E+10
6.521E+10
1.031E+11
4.800E+10

+/(%)
1.5
1.4
2.1
1.9

Dissolved
Solution
fissions / +/- fissions / +/- Spectral
Mass (g) +/- (%)
foil
(%)
mg U
(%) Index*
131.9831 0.0004 1.190E+13 1.5 2.719E+10 1.5
0.166
110.5739 0.0005 7.211E+12 1.4 1.639E+11 1.4
143.4295 0.0003 1.479E+13 2.1 2.595E+10 2.1
0.166
143.4731 0.0003 6.887E+12 1.9 1.562E+11 1.9
*Spectral Index is a ratio of Fissions/mg DU : Fissions/ mg HEU

+/(%)
2.1
2.8

Because the measurement results made at LANL represent only one replicate
value per foil, the measurement results for 99Mo from some other participating
laboratories in this exercise are provided in Table 13. The combined average value for all
labs in both experiments is used as the benchmark value for fissions in the SCALE
model. Including more data points provides a more realistic uncertainty estimate.
Table 13: Multi-Lab Measurement Result Comparison for 99Mo Fissions and Spectral
Index
2017 Irradiation
LANL
PNNL
LLNL
Average

fissions /
mg DU +/- (%)
2.72E+10
1.5
2.45E+10
2.0
2.47E+10
3.0
2.55E+10
1.3

fissions /
mg HEU +/- (%)
1.64E+11
1.4
1.50E+11
2.0
1.52E+11
3.0
1.55E+11
1.3

Spectral
Index
0.166
0.164
0.162
0.164

+/- (%)
2.0
2.8
4.2
1.8

2018 Irradiation
LANL
PNNL
LLNL
Average

2.59E+10
2.57E+10
2.54E+10
2.57E+10

2.1
2.6
3.0
1.5

1.56E+11
1.51E+11
1.51E+11
1.53E+11

1.9
3.5
3.0
1.6

0.166
0.170
0.169
0.168

2.8
4.4
4.2
2.2

Combined Average 2.56E+10

1.0

1.54E+11

1.0

0.166

1.4

The benchmark value for the 238U fissions:238U(n,γ) reaction in the DU foil can be
taken as the average of all replicate measurements from all laboratories for 99Mo fissions
(Table 13) to the average of the 238U(n,γ)239U benchmark values from Table 11. The
result, shown in Table 14, is fissions/239 = 1.759 ± 1.1%.
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Table 14: Experimentally Determined Benchmark Values for the (n,f)/(n,γ) Reaction
Rate Ratio in 238U Using Multi-Lab Measurements from Two Identical DU Foil
Irradiations at WSU
238

U(n,γ)239U
238
U Fissions
Activations /
(multi-lab avg) ± (%)
mg DU
± (%)
2017 Average
2018 Average
Combined Average

2.548E+10
2.568E+10
2.558E+10

1.3
1.5
1.0

1.459E+10
1.448E+10
1.454E+10

0.72
0.62
0.48

fission/239
Benchmark ± (%)
1.746
1.773
1.759

1.5
1.6
1.1

Inside the boron carbide shield, which prevents thermal and epithermal neutrons
from impacting the foils, primarily higher energy fission spectrum neutrons are present.
In the energy region from ~2-16 MeV, the fission cross-section of 235U is at most roughly
twice that of 238U (Figure 20), which raises the Spectral Index compared to energy
regimes that contain more thermal neutrons.

Figure 20: Fission Cross-Sections for 235U and 238U Above 1MeV.
The 235U fission cross-section is ≤2 times that of 238U in this energy range.
(National Nuclear Data Center, 2018)
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The Spectral Index and the 238U activation rates were compared for this
experiment to that from critical assembly tests performed previously at the NCERC test
facility in Nevada. Compared to DU irradiations performed at the Flattop critical
assembly, the use here of the boron carbide shield in a thermal reactor (when normalized
to irradiation time) resulted in an approximately 10% increase in Spectral Index, a 67%
increase in number of fissions, and over twice the number of 238U(n,2n)237U activations.
The resulting 237U/239U ratio was 27% higher at WSU than at Flattop (Table 15). The
comparison between the WSU TRIGA irradiation and other critical assemblies tested is
even more divergent, as illustrated in Figure 21.
Table 15: Comparison of the WSU TRIGA Irradiation Reactions to a Previous Flattop
Critical Assembly Irradiation
238

U(n,2n)237U 238U(n,γ)239U
Irradiation Fissions / Activations / Activations /
Experiment
237/239
Length (hr)
mg DU
mg DU
mg DU
FLATTOP critical assembly*
1
1.90E+09
8.25E+07
1.02E+09
0.081
WSU TRIGA with B4C Shield
8
2.55E+10
1.49E+09
1.45E+10
0.103
WSU TRIGA Normalized to "per hour"
3.18E+09
1.87E+08
1.82E+09
*NA-22 funded experiment conducted on April 26, 2017 (Oldham, et al., 2017)

Figure 21: Comparison of the WSU TRIGA Irradiation Spectral Index and Reaction
Rate to That of Recent LANL Critical Assembly Experiments.
The WSU experiment is referred to as QA-MVSLA-2017-04 in this figure.
Reproduced from (Oldham, et al., 2017).
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The use of the enriched boron carbide shield and the resulting fission spectrum
neutron flux was successful in producing abundant short-lived actinides for a quality
measurement at multiple laboratories. The measurements all had good agreement
between parent and daughter nuclides as well as between participating laboratories. The
results presented above in this chapter were used as the benchmark values for a reactor
model developed in the SCALE neutron transport code that simulated these reactions in
irradiated DU and HEU foils.

51

CHAPTER 5: Development of a SCALE Model of the WSU TRIGA Reactor
Reactor models are useful and necessary tools, not only for predicting reactor
behavior for safety and power production needs, but also for designing experimental
irradiations of materials. By using models, a radiochemist or other experimenter can
easily identify how much irradiation time and foil mass will be needed at a particular
reactor or specific reactor port, as well as avoid costly reruns caused by unexpected
conditions or incorrect assumptions. Reactor models are not usually readily available to
users, who must then rely heavily on reactor personnel to advise them with experimental
recommendations. The reactor personnel, however, may not always be intimately
knowledgeable of the intricacies of the research. Available models, or reactor geometry
inputs, would be a huge benefit to the radiochemistry community.
In this work, a new model of the Washington State University TRIGA reactor was
developed for the SCALE neutron transport code and is presented in Appendix C. All
computations were performed using the SCALE 6.2.3 software version.
The SCALE (Standardized Computer Analysis for Licensing Evaluations) neutron
transport code was developed and is maintained by Oak Ridge National Laboratory since
1980 for nuclear safety analysis and design. According to the manual, “SCALE provides
a comprehensive, verified and validated, user-friendly tool-set for criticality safety,
reactor and lattice physics, radiation shielding, spent fuel and radioactive source term
characterization, and sensitivity and uncertainty analysis.” (Rearden & Jessee, 2018)
Compared to the MCNP (Monte Carlo N-Particle) transport code first packaged
in 1977, but with roots dating to the Manhattan Era and developed at Los Alamos
National Laboratory since that time (Werner, 2017), SCALE has both advantages and
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disadvantages for use with reactors. Advantages include a built-in 3-dimensional
graphical utility (KENO-3D) for visualizing complex multi-layer systems, automatic
interpolation of cross-section libraries for easily assessing different material
temperatures, a built-in initial source mesh for faster source convergence, and modules
which handle stochastic uncertainty quantification (Sampler and TSUNAMI). One major
drawback of the SCALE system is the limited availability of parallel processing to
criticality calculations within the KENO module that require a custom software
installation. As a result, SCALE simulations take significantly longer than comparable
MCNP runs. SCALE was chosen for this work largely because of its uncertainty
quantification and sensitivity calculation abilities. One goal of this work was to conduct
a sensitivity/uncertainty analysis of 238U reaction rates to various reactor parameters and
to known cross-section uncertainties.
SCALE, like MCNP, requires an input file that defines the system and the
problem to be solved. The input file must contain all of the anticipated information in a
specific format in order to be read by the code. Typical users design the input files and
submit them to the code, which then runs “behind-the-scenes” and provides an output.
Most users do not access the code itself.
To build a SCALE input file, the first three lines must specify (in this order):


Which sequence to run. The sequence consists of one or more modules
that perform calculations such as eigenvalue calculations. For this work,
either “csas6” was used to perform criticality calculations using KENOVI, or “tsunami-3d-k6” was used to perform sensitivity analysis.



The title of the file.
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The neutron library to use. For this work, “ce_v7.1_endf” was specified
to use the continuous energy ENDF/B-VII.1 library.

After these three initial lines, a minimum of two sections (or blocks) are required:
the Components first and then the Geometry, with a typical (but optional) third section,
the Parameters sandwiched in-between. In contrast, an MCNP input file begins directly
with geometry information (Cell Cards, then Surface Cards), because the filename will be
specified in the execution line of the computer’s command line prompt to initiate the
code and the library can be defined on a per isotope basis in the Material Cards.
Although using the command line prompt is also an option for launching SCALE, it is
frequently run instead from a new user interface included in the software called Fulcrum.
This interface is a user-friendly text editor with color-coding that can pull up several
templates to assist with formatting and contains a two-dimensional geometry viewer.
Both SCALE and MCNP create various different output files, depending on what
calculations were performed, which are named with extensions to the original filename
provided.
In addition to the sections described above (Components, Parameters, and
Geometry), the SCALE input for the WSU TRIGA model also includes a “Reactions”
definitions block for activation rates in the irradiated foils and an “Array” block for
defining how to repeat smaller geometry units in an array. For TSUNAMI-3D
calculations performed in SCALE, a “Definitions” and “System Responses” block are
required. These sections will be discussed in turn, below. The descriptions are provided
as a general comparison between the two code systems that is useful to understand when
moving from one to the other and to highlight sources of any variations produced in these
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specific output results. They are not intended to be a comprehensive explanation of
capabilities of either code. The reader is referred to the respective user manuals for more
information (Werner, 2017) (Rearden & Jessee, 2018).
Section 5.1: Model Components
The SCALE model was developed using dimensions and materials taken from an
existing geometry built for the MCNP neutron transport code and maintained by WSU
reactor personnel. The model utilizes the Core 35A configuration as it existed in 2009,
with fuel burnup updated in the standard TRIGA fuel pins, but with the LEU 30/20 pins
represented as fresh fuel. For size considerations of this document, the fuel components
are represented only twice each for the standard and 30/20 fuel pin material
compositions. However, there are 30 different fuel compositions included in the model
(26 are excluded). They differ only slightly in isotopics for the elements included. Table
16 provides specifics for 3 fuel pin components of the model, illustrating the variability
that arises from burnup between material 11 and material 16 (both standard fuel 8/20
fuel) and the large difference in total uranium loading between standard and 30/20 fuel.
Table 16: Comparison of Uranium Content Between Fuel Types

U-234
U-235
U-236
U-238
U Density
U loading

Std Fuel (m11)
Std Fuel (m16)
LEU 30/20 Fuel (m37)
atoms/b-cm wt % atoms/b-cm wt % atoms/b-cm wt %
1.855E-06 0.147 1.812E-06 0.146 7.090E-06
0.130
2.261E-04 18.045 2.000E-04 16.242 1.074E-03
19.718
7.571E-06 0.607 1.175E-05 0.958 6.230E-06
0.115
1.005E-03 81.201 1.005E-03 82.654 4.305E-03
80.038
0.489 g/cc
0.481 g/cc
2.126 g/cc
8.127 %
7.996 %
29.652 %

In total, there are 49 materials specified in the SCALE file, including the 30 fuel
compositions. The original MCNP file had 7 fewer materials. The newly added
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materials include the DU and HEU foils that were irradiated, the cadmium liner wrapped
around the irradiation shield, and four extra entries of graphite so that more than one
temperature could be represented in graphite at different reactor locations. The graphite
blocks in rows A, B, F, and G were all entered at room temperature (293.6 K), while the
within-rod graphite flanking the fuel meat was entered as the same temperature as the
fuel meat itself. The default temperature for SCALE is 293.0 K, and will be applied for
each component unless another temperature is specified. For this model, a temperature
gradient was defined, with the central fuel pins at 600K, the pins in a cross-shape around
the center at 400K, the intermediate pins at 300K, and the peripheral pins at 293.6K
(Figure 22).

Figure 22: Model Temperature Gradient Defined for Different Fuel Pin Locations.
The pins toward the center of the core have higher component temperatures
than those toward the periphery. Temperature was applied to the fuel meat and
graphite only, not cladding or other materials.
SCALE can accept a number of different units for materials, including
atoms/b‧cm, weight percent, volume fractions, etc., and will convert them to atoms/b‧cm
during input processing. In contrast, material units for MCNP must be specified in
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atoms/b‧cm. SCALE also provides several pre-defined materials that can be called by
name, such as “SS304s” for stainless steel 304 (component 3 in the file), which enters a
mixture of 20 different isotopes of carbon, silicon, chromium, iron, nickel, etc. Whenever
available, the pre-defined names were utilized for the SCALE model here, which created
some differences between the SCALE input and the MCNP input. For example, the exact
isotopes included in SS304s can be viewed using Fulcrum’s “mixing table” utility and are
presented in Table 17. In comparison, the entry included in the original MCNP model
included only 6 isotopes that were manually specified for the stainless steel material
(Table 18). These differences in material definitions can contribute to differences seen in
calculation results after running the two different inputs.
Table 17: Mixing Table of Isotopes Included in SCALE’s “SS304s” Pre-Defined
Material.
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Table 18: Table of Isotopes Manually Included in Original WSU TRIGA MCNP Model.
Entry
1
2
3
4
5
6

Mixture
3
3
3
3
3
3

Nuclide
24050.60
24052.60
24053.60
26056.60
28058.60
25055.60

Density
(atoms/b‧cm)
0.000778
0.015003
0.001701
0.05673
0.007939
0.001697

Temperature
(K)
293.6
293.6
293.6
293.6
293.6
293.6

Both MCNP and SCALE use the ZAID numeric isotope identifiers, where
ZAID = Z ∗ 1000 + A

5-1

Here, Z is the nuclide’s atomic number and A is its mass number. For example,
6012 represents carbon-12, which has atomic number 6 and mass number 12 (6 * 1000 +
12 = 6012). However unlike MCNP, the SCALE input file can accept other identifiers
through Fulcrum as well, including the element symbol followed by a dash and isotope
mass (e.g. “B-10” for boron 10 instead of “5010”). This latter form was utilized in the
SCALE model for most materials, although when using the weight percent entry form,
ZAIDs are required for specifying isotopics of included elements.
One convenient feature in MCNP is the option to concatenate the desired neutron
library identifier to the end of each ZAID. As shown in Table 18, the nuclides all end in
“.60” which signifies the ENDF/B-VI.1 neutron cross-section library at 293.6K,
evaluated in the year 1989 (Conlin, 2017). This feature allows the user some control over
choice of cross-sections that can be mixed-and-matched between libraries and the choice
of a handful of different component temperatures (typically every 300K). This feature is
not available in SCALE, which specifies the library in a mandatory line 3 of the input.
The temperature of the material, however, can easily be specified in SCALE per
component and the cross-sections will be automatically Doppler-broadened and
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interpolated from the specified library, allowing for much more temperature control
overall. While it is possible in MCNP to make use of the “TMP” card on any particular
cell to provide some temperature variation, it applies only to the thermal scattering crosssections. Note that the various original library selections in the MCNP input file were
updated to ENDF/B-VII.1 (Chadwick, et al., 2011) for this work.
One final consideration for materials is the thermal scattering kernel, or S(α,β)
values, that play an important role in moderators. Water, graphite, and zirconium hydride
components all require a thermal scattering kernel for proper accounting of energy and
momentum transfers between lower energy (≤ ~1eV) neutrons and atoms of hydrogen,
carbon, and zirconium due to molecular vibrations. These kernels are automatically
applied in SCALE when the predefined material names “h2o” and “graphite” are entered.
For zirconium hydride, they were entered in SCALE as “zr90-zr5h8” (where “90” was
replaced with each of the other isotopes of natural zirconium as well) and as “h-zrh2.” In
the original MCNP file obtained, these scattering kernels were specified on MT cards as
“lwtr.01t,” “grph.01t,” “h/zr.60t,” and “zr/h.60t.” The library identifier “.01t” indicates an
ENDF-5 value from 1965. These values were updated in the MCNP input for use here to
“.20t” and “.30t” which are ENDF/B-VI.3 values from 1993 carried over to ENDF/BVII.1 (Conlin, 2017).
Temperature differences in this model between SCALE and MCNP exist due to
the gradient defined in SCALE and shown in Figure 22, except for calculations where
room temperature was selected for all components. The use of the TMP card and the .81c
library (600K) for the central fuel pins in MCNP mostly mitigates the differences, but to
improve the match it would be necessary to create a new cross section library for use in
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MCNP with NJOY. Despite the potential source of variation between code results, the
use of realistic, or correct, component temperatures is necessary when modeling a system
that is so temperature-dependent, as TRIGA reactors are. More in-depth exploration of
temperature dependence is found in Section 6.3.
Section 5.2: Model Geometry
As described in Chapter 3, the WSU TRIGA reactor is a rectangular array, 7 rows
wide (lettered A-G, north to south) by 9 columns long (numbered 1-9, east to west)
(Figure 8). The rows and columns create a grid of 63 square positions which are filled
with 20 graphite reflector blocks, 17 standard TRIGA fuel clusters (4 fuel pins per
cluster), 13 LEU 30/20 fuel clusters, 6 rotator tubes for irradiation or instrumentation
ports, and 7 empty (water-filled) spaces. Each square has internal side dimensions of
7.7724 cm. The grid is contained within an aluminum box and sits on top of a 2”
aluminum adaptor and 5” thick grid plate. The grid box dimensions (in cm) are 71.2216
x 60.7568 x 65.7509 ( or in ft: 2.3’ x 2.0’ x 2.2’) (Figure 23).
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Figure 23: Three-Dimensional Depiction of the 35A Core Grid Box.
The WSU TRIGA reactor is a rectangular 7x9 array with four control blades
and one central control rod. The grid box rests on a 2” adaptor region and 5”
grid plate, both aluminum-iron alloys.
The reactor is equipped with four control blades, two of which lie between rows B
and C, and two that lie between rows E and F. Three of the control blades consist of an
aluminum shroud surrounding boral (Figure 24) and measure 26.67 cm x 0.95 cm x 51.44
cm. The fourth blade is made of stainless steel 304 and is 10.16 cm shorter than the
others. These blades are movable in the vertical direction, and are shown in Figure 23
extending out above the core about half way.
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Figure 24: Aluminum-Shrouded Boral Control Blades.
The drawing on the left of the figure is a schematic taken from the 20-year
license renewal application for the WSU TRIGA (WSU Nuclear Radiation
Center, 2002). The right figure is derived from the SCALE model, KENO-3D
graphic utility. The reactor contains 3 of these blades and a shorter 4th blade
made of stainless steel 304. The drive mechanisms for moving the blades were
not modelled.
In addition to the four control blades, there is also a central control rod in position
D5, which takes the place of the northwest fuel pin in that 4-pin cluster. This rod is an
aluminum cylinder filled with boron carbide. It can be pneumatically ejected from the
core to pulse the reactor transiently to high power. It was modeled as a simple aluminum
cylinder of wall thickness 0.0635 cm, inner diameter of 3.048 cm, and filled with natural
boron carbide. In height, the boron carbide section is exactly the size of the fueled
section of the fuel pins—38.1 cm tall. Figure 25 illustrates the relative size and locations
of the transient rod and fuel-pins.
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Figure 25: X-Z View Through Reactor Row D With Transient Control Rod, Fuel Pins,
and Irradiation Port Visible.
The fuel pins are clad in stainless steel with a Zr-Hf Rod down the center and
graphite plugs on each end. The transient fuel rod is filled with boron carbide,
and the irradiation shield is located at the midplane of position D8.
The fuel pins are 65.7509 cm tall including stainless steel top and bottom, with
8.6868 cm of graphite reflector on each end, and 38.1 cm of fuel meat in the middle.
There is a rod of zirconium-hafnium located down the middle of the fuel with diameter
0.3175 cm. The fuel diameter is 3.482 cm and the clad is 0.5 mm thick surrounding it.
The reactor dimensions were available in the original MCNP file, but were
required to be reverse-engineered out of that format. In the process of deconstructing the
MCNP geometry, a series of sketches were made of various reactor components that
allowed for a less abstract accounting of dimensions. After the drawings were complete,
the dimensions were converted into the SCALE unit geometry format. For example,
Figure 26 illustrates the process of converting given surface cards and cell cards from
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MCNP into dimensions for a sketch, and then replicating the dimensions from the sketch
as a “unit” in SCALE.

Figure 26: Process of Converting MCNP Geometry to SCALE Geometry.
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One major difference between the two geometry inputs worth pointing out is the
opposite conventions for defining cell locations. In the MCNP convention, cells are
defined relative to surfaces with a + or – location to indicate either the positive side or
negative side of that surface, and where the “inside” of surfaces such as cylinders and
spheres is considered the negative side. The convention in SCALE is opposite, where
cells are defined as standalone units (not the space between other individually-defined
surfaces) and have their own 3-dimensional geometry. In SCALE, the “inside” of the cell
is indicated with the positive sense.
To highlight this difference, take for example the cylindrical cell 301 shown in
Figure 26 in SCALE. This cell is defined as a zcylinder (parallel to the z-axis) with a
given radius (1.3895) and upper and lower z-dimension heights (31.4264 and 29.3624
respectively). That unit has both top and bottom circular surfaces incorporated. Media 3
fills cell 301 (inside the cylinder) but is excluded from cell 302 (“-302”), because the
bottom surface occupies the same space as part of the top surface defined by cell 302,
another zcylinder with top surface at 29.3624.
SCALE entry: 𝑧𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 301 1.3895 31.4264 29.3624
Media 3 1 301 − 302
The same cell 301 in MCNP is defined as negative to surface 131 (“-131”, or
“inside”), which is an infinite cylinder oriented on the z-axis (no top or bottom surface).
This cylinder has its origin at the x- and y- values of -1.9431 and +1.9431 and the same
radius 1.3895 as the SCALE version. The MCNP version is also defined as positive to
surface 112, which is a plane normal to the z-axis at height 29.3624, thus defining where
the bottom of the cylinder lies. To find the top height of the cylinder, one must notice
that cell 301 makes up part of universe 1 (“u=1”), which in turn fills universe 101, which
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finally fills cell 21. This cell 21 contains the convention -111, which indicates negative to
(or below) the z-plane surface 111 which lies at height 31.4264.
MCNP entry: cells: 301 3 − 7.98 − 131 + 112 𝑖𝑚𝑝: 𝑛 = 1 𝑢 = 1
159 … … … u = 101 fill = 1
21 0 1 − 2 − 12 13 − 111 118 𝑖𝑚𝑝: 𝑛 = 1 𝑓𝑖𝑙𝑙 = 101
Surfaces:

131 𝑐/𝑧 −1.9431 + 1.9431 1.3895
111 𝑝𝑧 31.4264
112 𝑝𝑧 29.3624

Using these conventions, dimensions were extracted from the MCNP geometry
and all of the individual units were created in a new geometry in SCALE. Separate units
were defined for graphite reflector blocks, empty grid box squares, rotator tubes (used as
irradiation ports or for instrumentation), the irradiation shield, uranium foils, and fuel
pins.
After the individual fuel pin units were defined (one for each fuel material
component with its unique isotopics), they were arrayed into 4-pin clusters. Unlike in
MCNP, there is no “like…but” feature in SCALE, i.e., it is not possible to define a unit
that is “like” another unit “but” for the material. Therefore, the same fuel pin unit is
repeated 30 times in the input with the only difference between units being the fuel meat
component ID. The lack of this feature does make for longer-than-necessary input files.
It is imperative, however, for many reasons, to individually track fuel pin burn-up in each
fuel pin, so that arraying one fuel pin component into a 4-pin cluster could be somewhat
insufficient for safeguards considerations. For the purposes of this research, however,
fuel burnup was not a major concern.
A second array was then formed in SCALE using the 4-pin fuel cluster arrays
(and other square grid box units such as graphite reflector blocks) to construct each of the
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7 rows of the reactor. The use of 2 arrays (pins into 4-pin clusters, and then 4-pin clusters
into rows) created a total of 3 nesting layers in the model. The row arrays are defined in
the Array block of the input file.
Finally, the global unit, here unit 2000, includes the arrays defined in the array
block (which is the bulk of the core grid with all of the fuel), as well as the aluminum
grid box, the water box surrounding the entire core, and the control blades. The transient
control rod is defined in two parts: the lower portion is within a 4-pin cluster for D5, and
the upper portion is in the global unit. To adjust the height of this rod, both units must be
modified.
The irradiation shield is located in position D8. While the enriched boron carbide
shield itself was present in the original MCNP input, the cadmium liner surrounding it, as
well as the uranium foils inside it were lacking. The Cd liner was added as a 1 mm thick
cylinder blanketing the enriched boron carbide irradiation shield. The foils, which are
very thin sheet metal cut into long strips, were modeled as a cylinder for the DU and a
cuboid for the HEU. The dimensions were derived from the known mass, density, and
length of the foils (Figure 9). The resulting geometry unit, unit 5, is illustrated in Figure
27.
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Figure 27: Irradiation Port D8 Containing Enriched 10B4C Shield and Uranium Foils.
The aluminum tube containing the Unit 5 irradiation shield, is normally filled
with and surrounded by high purity water, which was excluded from this
diagram for easier viewing.
Section 5.3: Model Parameters
The Parameters section of the SCALE input file provides directions on how to
perform the calculation(s) chosen by the sequence in line 1 of the input. For criticality
calculations, the “csas6” sequence was selected, which implements a KENO-VI
eigenvalue calculation for neutron transport, with determination of the multiplication
factor (k-eff) of the system and neutron flux distributions. This module is analogous to
the KCODE card in MCNP accompanied by flux tallies. For reaction rate sensitivity
analysis calculations, the “tsunami-3d-k6” sequence was selected, which implements
KENO-VI as well as SAMS (Sensitivity Analysis Module for SCALE).
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There are many parameters that can be utilized in SCALE which can be found in
Table 8.1.1 of the SCALE manual (Rearden & Jessee, 2018). Some of the parameters
provide instructions on how the calculation is performed, such as number of histories to
collect, and others provide output choices, such as plots and html versions. Because the
parameters have default values, it is not necessary to enter a Parameters block at all,
unless deviations from the default are desired. The following parameters were utilized
for one or more calculations using SCALE for this work:


npg: number per generation, default = 1000. This defines how many
particles (neutrons in this work) to track for each cycle. The minimum
used for any calculation of this work was 10,000 and the maximum was
500,000.



gen: number of generations, default = 203. The number here varied per
calculation but ranged from 2000 to 5000.



nsk: number of generations skipped, default = 3. The value chosen here
was 200 or 300 to allow for proper source convergence.



scd: source convergence diagnostics, default = yes. This parameter gathers
statistics on the how well the fission source is converged. See Section 6.1.



flx: flux collection and printing, default = no. This parameter collects the
flux distribution per unit and prints it to the output file. It was set to “yes”
for some calculations when comparing flux in the boron carbide shield and
foils between MCNP and SCALE.



pnu: use delayed neutrons, default = no, use total. This parameter allows
for delayed neutrons that arise from daughter products of fission products
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to be ignored which allows a calculation using only prompt neutrons. It
was set to “yes” to determine βeff (see Section 6.4).


htm: produce an html output, default = yes. This parameter allows the use
of a web interface to view plots and results, but requires the use of Java
software by Oracle and was set to “no.”



rnd: random number, default = given. SCALE will utilize the same
random number seed for all calculations unless another one is specified.
Different random number seeds were entered for most calculations of this
work.



plt: print plots, default = yes. This parameter will create plots as part of the
output files. It was generally left as “yes.”

Section 5.3: Model Reactions
The Reactions block of SCALE is similar to F4 tallies of MCNP. Here the
reaction rates of interest in the irradiated foils are defined. Reaction blocks are required to
include specifications for both reaction filters and tally types. They can also have
optional definitions of energy group boundaries and/or output edits that specify the
creation of separate files containing the tally results.
The tally types specified for this SCALE model include all three available types:
tallies for cross sections (“XSTally=yes”), tallies of mixture fluxes (“mixflx=yes”), and
tallies for reaction rates (“RRTally=yes”).
The tally filters specify which mixtures to collect tallies in, and which nuclides to
find reactions for. For this model, mixtures 81 and 82 were selected to collect tallies in
the DU and HEU foils, respectively. In these mixtures, the nuclides 238U and 235U were
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selected (“nuclist 92238 92235”) for the reaction tallies of interest of type (n,2n), (n,γ),
and (n,fission) using the filter “MTlist 16 102 18.” Two more tallies were defined to
collect the total absorption of neutrons in the enriched boron carbide shield and in the air
inside the ampoules containing the foils. These tallies allowed for a comparison of the
flux in these regions between MCNP and SCALE.
The SCALE input also specifies some output edits in the Reactions block. Using
“prntrr=yes” and “prntflx=yes,” two additional output files are created which contain the
results for the reaction tallies and the flux distributions specified, respectively.
The model does not specify any energy group boundaries (except in the case of
source convergence diagnostics for comparison purposes to MCNP). The default in
SCALE in this case is to use the standard 252 group library energy boundaries, which
range from 1E-05 eV to 20 MeV and can be found in Table 10.1.9 of the manual
(Rearden & Jessee, 2018).
In the case of the TSUNAMI-3D calculation, which utilizes KENO-VI to perform
transport and the SAMS module to perform a sensitivity and uncertainty analysis of
specified responses, the input is only slightly different. In place of the Reactions block, a
Definitions block is needed to specify the responses to be investigated. In the Definitions
block for the TRIGA model, six “responses” were defined (Figure 28), one per mixture
(DU, mixture 81, or HEU, mixture 82), nuclide (92238 and 92235 for 238U and 235U), and
reaction (either “n,gamma”, “n,2n”, or “fission”). A “Read SystemResponses” block is
also required to specify for which ratios to calculate sensitivity coefficients (only reaction
rate ratios are output as responses in TSUNAMI-3D calculations, not individual reaction
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sensitivities). The output is a rather large set of sensitivity coefficients for the defined
response to reactions in every other nuclide within the system.

Figure 28: TSUNAMI-3D Definitions and Responses Blocks.
These blocks instruct SCALE which reactions to tally, in which materials, for
determining sensitivity coefficients.
Note that although a ratio has been made in the TSUNAMI-3D Responses block
titled “DU:HEU_fiss,” indicating the ratio of fissions in each foil, the ratio only
represents those fissions defined in responses 3 and 7, which are the 238U fissions in DU
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and the 235U fissions in HEU. This value would need to be corrected for the sum of
fissions from both 235U and 238U in each of the two foils to more accurately represent the
total fission rates.
In each TSUNAMI-3D response definition, either “macro” or “unity” was
specified. The keyword “macro” instructs the code to use macroscopic cross-sections to
define the response function. The keyword “unity” is the flux response function, and
does not use cross-sections to define the response. It therefore can be thought of as a
measure of the macroscopic cross-section for a given mixture and reaction. Further detail
can be found in Section 7.3.
The Read Definitions and Read SystemResponses blocks in TSUNAMI-3D take
the place of the Read Reactions block in KENO criticality input files. The Parameters
block is varied in the case of TSUNAMI-3D to use 5,000 neutrons per generation and
250,000 generations, to reduce memory requirements. Also, two extra parameters, the
“cet=” and “cfp=,” must be added in the case of TSUNAMI-3D. The “cet” parameter
defines which type of sensitivity methodology will be used. There are three types
available: IFP (Iterated Fission Probability), CLUTCH (Contribution-Linked eigenvalue
sensitivity/Uncertainty estimation via Tracklength importance Characterization), and
GEAR-MC (GEneralized Adjoint Responses in Monte Carlo), which is a combination of
the first two methods. The method used for this model is GEAR-MC (with both
CLUTCH and IFP incorporated), which is specified with “cet = 5.” The “cfp” parameter
is required for IFP calculations and defines the number of latent generations that are used
to determine the adjoint flux term in the IFP portion of the calculation. For this model
calculation, cfp = 8. Further information on the methodology is included in Section 7.3.
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CHAPTER 6: Common Metrics to Evaluate the SCALE Model Performance
To provide confidence that the model is functioning as expected and performs
accurate calculations, testing was performed to assess various metrics. The metrics
explored include source convergence, control rod worth and positioning, flux
distributions, delayed neutron fraction determination, and temperature coefficient of
reactivity. Some of these values are compared to the previous MCNP model.
Section 6.1: Source Convergence
It is a well-known best practice that some number of cycles at the beginning of
Monte Carlo transport calculations (made with either SCALE or MCNP) should be
discarded before collecting tallies or taking k-eff averages to avoid the introduction of
bias from the initial source guess (Brown, 2009). Also, it is imperative to track a
sufficient number of particles in each generation to accurately sample the entire
geometry, particularly when local tallies are sought, such as a reaction rate in a foil that is
small relative to a whole reactor.
To explore the source convergence for the WSU TRIGA model, a couple tests
were run. For the first test, the original MCNP model’s initial source distribution was
investigated in SCALE. This distribution consists of 87 starting points spread throughout
the fissile material of the fuel pins, all at the midplane (z=0). In SCALE, there is a
default starting source mesh, which distributes the initial particles uniformly throughout
the fissile material of the global unit (or another specified region). The first test
compared these two initial source distributions in SCALE (87 manually entered points vs
the default mesh), and how fast the k-eff value converged using each.
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To use a source distribution other than the default in SCALE, a “Read Start”
block is required. For this block, the type of start was chosen as nst=6, which allows
arbitrarily defined (x,y,z) locations. Note that it is possible to choose other start types,
including a mesh source file that is created by first running a deterministic code in
Sourcerer to determine the source distribution. For this test, the number of neutrons per
generation was 10,000, which were divided roughly equally across the 87 locations (~115
per coordinate) by entering the “lnu=” value after each coordinate point. The lnu value is
the number of the last neutron started at that location, and so ranges from 114 (first
location) to 10,000 (last location). The Read Start block is shown in Figure 29. This test
was performed with the control rod and blades out of the core, so the k-eff is rather high
(~1.05). The results are shown in Figure 30.
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Figure 29: Optional Read Start Block for SCALE Showing 87 Initial Source Points.
The lnu values shown are for a 10,000 npg calculation, and represent the
number of the last neutron located at the given coordinate.
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Figure 30: Comparison of Source Convergence in SCALE Using the Default Mesh or
Manually Entered Starting Point Coordinates.
The bottom plot is a zoomed in version of the first 40 cycles. There were
10,000 neutrons per generation, and 230 generations run. The error bars are
for the average k-eff up to the given generation.
Interestingly, the calculation with the manually entered starting points appears, at
least graphically, to be essentially converged at the first cycle. The SCALE calculation
using the default mesh always starts with a low initial k-eff (due to a low initial guess).
However, a closer inspection of the average generation k-eff values of each case show
that they do not match within uncertainties (~160 pcm difference at start of run) until
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after 150 cycles are skipped. Ultimately, if 2000 generations were run and 200 skipped,
the final k-eff value for the default mesh case is 1.05112 ± 0.00020 which was consistent
with the manually entered source case of 1.05097 ± 0.00021.

Generation Average k-eff
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Figure 31: Comparison of Average k-eff Using the Default Mesh or Manually Entered
Starting Point Coordinates.
The number of neutrons run = 10,000, but only 230 generations were run,
inflating the error on the “skip 200” bars.
It is somewhat laborious to enter starting source points into SCALE, as the lnu
needs to be redetermined for any calculations that have a different number of neutrons
per generation (npg). In contrast, MCNP will determine the lnu equivalent automatically
and only location coordinates need to be entered. The SCALE default starting source
mesh is a convenient feature, and it was used for the remainder of this work, skipping at
least 200 generations.
The second test of source convergence for the SCALE WSU model was a
comparison of different numbers of neutrons per generation. For these runs, the control
rod and blade were inserted to the midplane of the core, so the k-eff was close to 1.
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Three calculations were made at npg = 1000; 10,000; and 500,000. Although the
variation is high in the 1,000 npg case, the source does appear to be converged
graphically.
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Figure 32: Comparison of Source Convergence in SCALE Using Different Neutrons per
Generation (npg) Values.
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In order to fully assess source convergence, both the k-eff and Shannon entropy of
the system should be considered. SCALE (as well as MCNP) applies statistical
evaluations of the source convergence. When the source convergence diagnostics
parameter is selected, SCALE will print three statistical Shannon Entropy Tests:


Test 1: Is the final fission source converged?



Test 2: Are all the active generations within epsilon of the average?



Test 3: Are there adequate active generations after the source is
converged?

The 1,000 npg case fails Test 2, but passes Tests 1 and 3. Both the 10,000 npg and
500,000 npg cases pass all three tests. The 1,000 npg case also fails to provide the same
system k-eff as the 500,000 npg case by the end of 300 generations, but it does overlap
(considering uncertainties) with the 10,000 npg case (Table 19 and Figure 33).
Table 19: System Average k-eff Values for Three SCALE Calculations with Different
Numbers of Neutrons per Generation.
500,000 npg 10,000 npg 1,000 npg
Average k-eff
0.99996
0.99943
0.9957
uncertainty
0.00011
0.00088
0.0035
total neutron histories 1.50E+08
3.00E+06 3.00E+05
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Average System k-eff Determined After 300 Total
Generations, Skipping the First 200
1.0020

Average k-eff

1.0000
0.9980
0.9960

0.9940
0.9920
0.9900

0.9880
500,000 npg

10,000 npg

1,000 npg

Figure 33: Comparison of Generation k-eff For Different Numbers of Neutrons per
Generation.
All values are for 300 total generations, skipping the first 200. The final k-eff
results would differ if an equal number of total neutrons were collected for
each case, i.e. more generations were run for lower npg conditions.
For the WSU TRIGA SCALE model, some calculations were conducted with
10,000 npg, and those typically used 2000 generations. These calculations included
comparisons of k-eff between SCALE and MCNP, for determination of the control rod
worth, for temperature sensitivity runs, and for delayed neutron fraction determination
(although more generations were run for the latter). However, for reaction rate
determinations, the 500,000 npg case was used with 5,000 generations for a total of
2.5E+09 particle histories. The higher number of neutrons was needed for a few reasons.
First, the (n,2n) cross-sections for 238U are low and high energy (>6 MeV). For a thermal
reactor, these high energy neutrons are scarce, as most have been moderated. Second, the
size of the foil is small compared to the whole reactor geometry. The core is not
symmetrical with regard to fuel arrangement, so it is difficult to appropriately select a
scaled down portion of it. Removing rows A, B, F, and G is one possibility to reduce the
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size of the model. However, in the interest of accuracy, in the end the entire core
geometry was selected for production runs of reaction rates.

Section 6.2: Control Rod Worth and Positioning
The TRIGA reactor is known to be at steady state with the control rod and blades
near the midplane of the core. Their exact positions were unknown during the initial
development of the SCALE model. Furthermore, the exact positions are variable
throughout the course of a day between startup and shutdown due primarily due to xenon
build up, which requires the rods to be raised for more reactivity. Other factors can also
affect the rod and blade positions such as core temperature (See Section 6.3).
To determine where to place the central rod for the model production runs, a
series of calculations was performed to find k-eff after varying the rod height. The blades
were left in a static position at the core midplane (z=0) for these tests of the central rod.
The height of the bottom of the rod was varied from ~20 cm below the core midplane to
about 24 cm above the midplane. However, this process was also iterated with different
fuel temperatures, which have a significant impact on TRIGA reactivity. Once a
temperature gradient was selected for the fuel in the core, the rod height was then chosen.
If different temperatures are selected, the multiplicity of the model would no longer be at
1.000.
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Figure 34: Range of Positions Tested for the Transient Control Rod to Determine Effect
on System Multiplicity.
The bottom of the rod was tested at -20.54 cm (relative to the active core
midplane) and at 15 intermediate locations up to 23.96 cm.
The results of the rod height test are illustrated in Figure 35. The reactor k-eff =
1.00001 ± 0.00023 when the bottoms of the Boral blades were at +0.08 cm and the
bottom of the transient rod was at -0.062 cm, as long as the fuel temperatures were kept
as indicated in Figure 22. These positions were used for the reaction rate production runs
as well as the delayed neutron fraction determination.
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Transient Control Rod Reactivity as Modeled in SCALE
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Figure 35: Transient Control Rod Positioning for Criticality.
The orange point indicates the position selected for reaction rate production
runs. This rod curve was determined with the other 4 control blades inserted to
the core midplane, and so does not represent the total control rod worth.
The multiplicity of the model in SCALE with the rod and blades in the position
selected from Figure 35 was compared to that in MCNP, at two different temperatures:
293.6K and with the selected temperature gradient described in Figure 22. The two
inputs were also processed with the rods fully extracted and the temperature of all
elements at 293.6K. Using the default room temperature selection ensures that the two
inputs are identical, as a temperature gradient through the core cannot easily be
reproduced in MCNP using only library extensions and the TMP card (See Table 23 and
Section 6.3 for more discussion). The results indicate (Table 20) that the two models are
essentially equivalent, and the SCALE model has successfully replicated the existing
model. Any discrepancies can be explained by temperature differences.
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Table 20: Comparison of Model Criticality Results for Different Control Rod Positions
and Fuel Temperatures.
Rod Position

Temperature (K)

Fully Extracted
293.6
Selected Model Height Selected Gradient
Selected Model Height
293.6
Reactor Run Log Height Selected Gradient
Reactor Run Log Height
293.6
Reactor Run Log Height Run Log Temp (600K)

MCNP keff

±

SCALE keff

±

1.05088
1.00102
1.00308
0.97893
0.98140
0.95945

0.00019
0.00020
0.00019
0.00020
0.00020
0.00020

1.05112
1.00001
1.00312
0.97812
0.98160
0.95921

0.00020
0.00023
0.00023
0.00022
0.00022
0.00023

difference
(SCALE - MCNP)
(pcm)
24
-101
4
-81
20
-24

The values in red indicate why the selected height and temperature gradients
were chosen for subsequent production runs in SCALE.
The reactor run log from the date of the second DU irradiation experiment (May
18, 2018) was made available courtesy of Corey Hines, Acting Director, and Maddison
Heine, Senior Operator, at the WSU Nuclear Science Center. It is pictured in Figure 36.
The run log provides the exact operating height of each control blade and the central
transient rod (Blade No. 3) during the second irradiation experiment described in this
work. The blade positions are given as heights in inches from the bottom of the core, or
the top of the core grid plate adaptor (not distance from the midplane as in the model).
Compared to these locations, the positions chosen for the SCALE model were
approximately 4.3 cm lower than operational for the central rod and 9.8 cm higher than
operational for the blades.
Table 21: Comparison of Modeled Control Blade Heights to Operating Positions from
the Reactor Run Log.

Central Rod
Blade 1

Model Distance
Actual Height
Model
Height
from Midplane
(mid-run) Difference
(inches)
(inches)
(cm)
(inches)
-0.062
13.49
15.19
1.70
0.080
13.55
9.69
-3.86
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Figure 36: Reactor Run Log for WSU TRIGA on May 18, 2018, Irradiation Date.
Courtesy of Corey Hines, Acting Director, and Maddison Heine, Senior
Operator, WSU Nuclear Science Center.
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The difference in control rod/blade positions between the models and today’s
reactor have a significant effect. The results for the system k-eff when the models are
adjusted to the operational run log positions are also shown in Table 20. When calculated
at the operational run log positions, the model k-eff is well below 1.0, indicating that the
reactor might be more reactive than the model is accounting for. It is of note, however,
that the reactor power indicated on the run log varied during the irradiation from 100%
down to 97% (of 1 MW).
The run log also indicates that the temperature of the reactor core, as measured at
two locations, is roughly 340°C/330°C (~613K/603K). These temperatures are measured
on two separate instrumented fuel elements (IFEs) shown in Figure 37. The IFEs are
lower in temperature than the hottest fuel rod (500°C / 773K peak), but higher in
temperature than the average core temperature, which was calculated to be ~304°C
(577K) at 1MW power (TRIGA Reactors Division of General Atomics, ESI, 2007). This
temperature will decline as the reactor ages. The water pool was maintained at about
40°C for the entire 5/18/2018 irradiation run. The average core temperature is
significantly higher overall compared to the gradient chosen for the SCALE model,
which has only the central 4-pin cluster at 600K and the others at either 400K or 300K.

87

Figure 37: Location of Instrumented Fuel Elements and Highest Temperature Fuel Rod.
It is difficult to explain why the models seem to calculate a lower neutron
multiplicity than the reactor may have. One known major discrepancy between the
models and today’s reactor is the lack of burnup calculations in the LEU 30/20 fuel rods,
and burnup in the 8/20 standard fuel rods that was current in the year 2009. There is also
no boron depletion accounting in either the transient control rods or the boral control
blades. Making these two changes in the model should have opposite effects—more
depleted fuel should reduce reactivity while more depleted control rods should raise it.
Finally, one other major difference is in temperature. It would be difficult to model the
reactor at the correct temperature in all locations. Complicated temperature gradients
exist in three dimensions, and are not measured everywhere, within the core. However,
raising the average core temperature from what is modeled here would also reduce the
neutron multiplicity of the system, which is in opposition to what seems to be indicated to
improve the models’ behavior.
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The total control rod worth was determined for the central transient control rod
using SCALE. An eigenvalue calculation was performed with the rod fully inserted
while the 4 blades were extracted and again with the rod and blades all fully extracted, as
shown in Figure 34. The difference in reactivity between the two conditions was used to
determine the rod’s worth at $3.58 ± 3.9¢. The value of eff used for these calculations
was 0.000734, as determined in Section 6.4 (and using equations in Appendix B).
Table 22: Total Control Rod Worth for the Transient Rod Calculated in SCALE.
k-eff
Rod In
1.02288
Rod Out 1.05112

±
0.00022
0.00020

ρ
0.02237
0.04863

±
0.00022
0.00019

ρ ($)
$ 3.05
$ 6.63

±
$ 0.029
$ 0.026

Δρ ($)
$

3.58

±
$ 0.039

The value of the rod worth can be compared to calibrations of the worth
performed at WSU and provided courtesy of Madisson Heine, Senior Reactor Operator
(Figure 38). The most recent calibration performed in September, 2019 determined the
rod worth at $3.57. However, that value was reached after a steady rise since Core 35A
was last modified in 2009 (which the SCALE model would better match), when the rod
worth was calibrated at $3.50 (no uncertainties provided). Both of these values are
within 2σ uncertainty of the SCALE calculated value.
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Figure 38: WSU Calibration Summary for the Central Control Rod.
The control rod worth was determined at $3.57 for the most recent calibration.
Data provided courtesy of Maddison Heine, WSU Nuclear Science Center.
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Section 6.3: Temperature Effects and the Temperature Coefficient of Reactivity
For uranium-zirconium hydride fuel, temperature plays an incredibly significant
role in reactivity. It is imperative to use appropriate thermal scattering kernels in models
that utilize this fuel, and to enter them at realistic temperatures.
In SCALE, changing the temperature of any entered material component is simple
and only requires that the desired temperature be specified in the components section, as
described previously. The effect of temperature on the model k-eff was determined using
the selected control rod heights from Table 21. The temperature was varied for this test
from 285K to 630K, which represents the typical operating range for the reactor. The
temperature was varied in increments of different sizes, but as small as 1K over some
limited ranges for improved resolution. The results are plotted in Figure 39.
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Figure 39: Effect of Modeled Fuel Temperature on k-eff in SCALE.
Temperature indicated was modeled in the fuel meat and within-fuel rod
graphite only. Control rod/blades were at the midplane of the core.

The plot in Figure 39 reveals an interesting and unexplained feature. It appears
that there might be two distinct curves over this temperature range, which will intersect at
higher temperatures. The two curves can be fitted to polynomials with residuals near to 1
(R2 = 0.9975 and 0.9990) as shown in Figure 40.
The Effect of Modeled Fuel Temperature on k-eff of the WSU TRIGA Reactor SCALE
Model
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Figure 40: Apparent Double Temperature Curve for the SCALE Model.
These data were taken with all rods near the midplane.
It might be possible that the apparent dip in k-eff over some temperature ranges is
a physical phenomenon due to resonances in some fuel component, such as the erbium
poison. It is tempting, however, to also suspect inconsistencies in the temperature
interpolation of the cross section libraries by SCALE. One significant implication of this
phenomenon is that criticality (steady state, k-eff =1.0) is reached at two distinct
temperatures, at about 396K (orange dot) and again at about 405K. This feature warrants
further investigation.
Using plots such as this of k-eff vs temperature, it is also possible to estimate the
negative temperature coefficient of reactivity, α, for which TRIGA reactors are known, as
93

discussed in Chapter 3. This coefficient can be estimated from the slope of the line of keff vs temperature over small temperature ranges which are near linear. The change in α
itself can be calculated as the selected temperature ranges rise. The slope of the linear
regression through each small temperature change becomes steeper (more negative) at
higher temperatures. The overall system α of the WSU TRIGA was estimated by plotting
both SCALE and MCNP k-eff results over the temperature range 293.6 to 1200K and
taking a linear regression through the points. Results of the plot and linear regression are
shown in Figure 41. The value of α determined in this way for SCALE data is -9.87E-5
Δk/°C, and for MCNP is -9.96E-5 Δk/°C. These values are consistent with those
provided in Table 1 for standard TRIGA fuel types, which shows standard 8.5/20 TRIGA
fuel with an α = -9.5E-5 Δk/k°C and LEU 30/20 with α = -8E-5 Δk/k°C. The exact value
of α is dependent on total U loading, U enrichment, concentration of burnable poisons
(erbium), and total burnup, and it changes over time.
Determination of the Temperature Coefficient of Reactivity for
the WSU TRIGA Reactor
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Figure 41: Determination of the Negative Temperature Coefficient of Reactivity, α, for
the WSU TRIGA.
The slope of the line for the k-eff vs temperature curve estimates α.
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Note in the Figure 41 that the MCNP curve has points at 800K and 1000K, while
the SCALE curve has a single point at 900K. This difference is due to how temperatures
are entered in the two codes. To vary the temperature of the model fuel components in
MCNP, the library extensions appended to each isotope were modified. For example,
fuel isotope components were entered with the “.80c” extension to indicate the ENDF/BVII.1 library at 293.6K. The next higher available temperature is the “.81c” extension
which indicates the ENDF/B-VII.1 library at 600K. There is no available library for
300K or 400K. There are, however, extra temperatures readily available for the graphite
and zirconium hydride thermal scattering kernels, including 400K (“.21t” or “.31t”) and
500K (“.22t” and “.32t”). These library extensions are listed in Table 23. Note,
however, that while there is a cross section library available for 900K (“.82c”), there are
no scattering kernels available at that temperature, and while there are scattering kernels
available at 800K and 1000K there are no cross section libraries available there. It is not
possible, therefore, to match the scattering kernel and the fuel isotope cross sections at
these temperatures without recreating the libraries. For this work, no new libraries were
created. Instead, the MCNP version of the model was run with the fuel at 900K and the
scattering kernels at both 800K and 1000K for comparison. If these results for k-eff were
plotted at 900K to match the fuel temperature entered, instead of at 800 and 1000K to
match the scattering kernels, the linear fit to the data would be poor.
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Table 23: Available MCNP ENDF/B-VII.1 Library Identifiers for Different
Temperatures.
Temperature
(K)
293.6
400
600
800
900
1000
1200

Fuel
Isotopes
.80c
N/A
.81c
N/A
.82c
N/A
.83c

grph
S(α,β)
.20t
.21t
.23t
.25t
N/A
.26t
.27t

h-zr
S(α,β)
.20t
.21t
.23t
.25t
N/A
.26t
.28t*

zr-h
S(α,β)
.30t
.31t
.33t
.35t
N/A
.36t
.37t

*Corrected Value for hydrogen at 1200K (Parson, 2017)
“N/A” indicates “Not Available”in standard library. Data summarized from
(Conlin, 2017)
To assess the change in α over increasing temperature ranges, the value can be
calculated directly from the data rather than using plotting, and the sampling uncertainties
can be propagated alongside. The calculation can be performed using the following
equations:
𝑑𝜌

𝛼 ≡ 𝑑𝑇

6-1

𝑘−1

𝜌=

6-2

𝑘
1 𝑑𝑘

𝛼 = 𝑘 2 𝑑𝑇

6-3

Taking finite differences from calculated data, one can use:
∆𝜌1,2 =

𝑘2 −1
𝑘2

∆𝜌1,2 =

𝛼1,2 =

𝛥𝜌1,2
∆𝑇1,2

−

𝑘1 −1

6-4

𝑘1

𝑘2 −𝑘1

6-5

𝑘1 𝑘2

𝑘 −𝑘

1

= ( 𝑘2 𝑘 1 ) ∆𝑇
1 2

1,2

6-6

Using this method, the value of α was determined for the WSU TRIGA over
various temperature ranges shown in Table 24. The values agree within uncertainty
between the two codes except for a discrepancy in the 600-900K range, due to
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temperature differences in the inputs as described above. The value provided in cents/°C
was determined using 0.00734 for β, as described in the next section.
Table 24: Calculated Values of the Negative Temperature Coefficient of Reactivity, α, for
the Unrodded WSU TRIGA Reactor Using SCALE and MCNP.
SCALE
ΔT
Temperature (K) (K or °C)
293.6
-600
306.4
900
300
1200
300

k-eff
1.05112
1.02718
0.99909
0.96115

±
0.00020
0.00023
0.00019
0.00020

± (%)
0.019
0.022
0.019
0.021

Δk-eff
--0.0239
-0.0281
-0.0379

+/-1.27
1.06
0.73

Δk/k1k2 +/- (%)
---2.22E-02 1.27
-2.74E-02 1.06
-3.95E-02 0.73

α
α
(Δk/k°C) +/- (%) (¢/°C)
----7.24E-05 1.27
-1.0
-9.12E-05 1.06
-1.2
-1.32E-04 0.73
-1.8

MCNP
ΔT
Temperature (K) (K or °C)
293.6
-600
306.4
900
300
(avg of 800, 1000)
1200
300

α
α
± (%) Δk-eff +/- Δk/k1k2 +/- (%) (Δk/k°C) +/- (%) (¢/°C)
------1.05088 0.00019 0.018
1.02728 0.00019 0.018 -0.0236 1.14 -2.19E-02 1.14 -7.13E-05 1.14
-1.0
k-eff

±

0.99553 0.00013 0.013 -0.0318 0.72 -3.11E-02

0.73

-1.04E-04

0.73

-1.4

0.96039 0.00018 0.019 -0.0351 0.63 -3.67E-02

0.63

-1.22E-04

0.63

-1.7

It is apparent that the effect on reactivity due to the thermal scattering kernel
temperature dominates over that due to the temperature selected for the fuel isotopes in
uranium-zirconium hydride fuel. The use of the appropriate thermal scattering kernel
temperatures almost fully eliminates discrepancies due to differences in the two fuel input
temperatures between MCNP and SCALE.
These calculated values can also be compared to those determined by General
Atomics and included in their Safety Analysis Report in 2007 (Table 25) as part of the
license renewal application. These values are provided for informational purposes,
because the same temperature ranges would be required to make the values of α directly
comparable. The report also lists α = 1.4¢/°C, overall. The trend toward more negative
alpha at higher temperatures can be seen in all the data.
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Table 25: Published Values of α for Core 35A at BOL from the WSU TRIGA Safety
Analysis Report, 2007.

Reproduced from (TRIGA Reactors Division of General Atomics, ESI, 2007)

Section 6.4: Delayed Neutron Fraction
The delayed neutron fraction, β, of a system is that portion of all neutrons
generated that arise from decay of fission products and their daughters, as opposed to
arising promptly during the fission event itself. The delayed neutron fraction is
dependent upon the type of fuel fissioning, and which exact neutron precursors arise in
the decay chain of the fission products. Typically, the neutron precursors are divided into
6 groups depending on their half-lives and the time it takes for the delayed neutrons to
appear. For a typical light water reactor fueled with 235U, the delayed neutrons make up
about 0.65% of all neutrons, thus β = 0.0065 (Lamarsh & Baratta, 2001). The effective
delayed neutron fraction of any particular reactor depends not only on fuel type, but also
on the burnup of the fuel and the reflector used. For TRIGA reactors, the value typically
used for βeff = 0.0071 (General Atomics, 2019).
The delayed neutron fraction for the WSU TRIGA Core 35A was calculated here
using two different methods in SCALE and MCNP. In the SCALE method, two separate
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eigenvalue calculations were performed, one using the default settings and one using the
parameter “PNU=yes.” This parameter setting instructs the code to use only the prompt
neutrons of the system instead of the prompt + delayed neutrons which is the default case.
These calculations were performed with 50,000 neutrons per generation and 4000 total
generations, skipping 200. The k-eff result from each of these two calculations were used
to determine the effective delayed neutron fraction, βeff, using the following equation
(Souza, Dalle, & Campolina, 2011):
𝛽𝑒𝑓𝑓 = 1 −

𝑘𝑝𝑟𝑜𝑚𝑝𝑡
𝑘𝑡𝑜𝑡𝑎𝑙

6-7

The value determined is 0.007342 ± 0.000094, as shown in Table 26.
Table 26: Delayed Neutron Fraction Determined by SCALE Using Two Separate
Eigenvalue Calculations.
± (1σ)
± (1σ)
Calculation
Parameter k-eff
β-eff
Total Neutrons
pnu = No 0.999948 0.000065
0.007342 0.000094
Prompt Neutrons pnu = Yes 0.992606 0.000068

Using MCNP, there is an option of collecting reactor kinetics data for criticality
calculations (KCODE calculations) with the KOPTS card and the keyword “KINETICS
= Yes”. With these options set, the code will track the adjoint flux “in a forward
calculation with only the existing random walks by breaking the active cycles of a
KCODE calculation into sequential blocks of fission generations” (Werner, 2017). The
default block size is 10 active cycles, and was not changed for this calculation. As in
SCALE, this calculation was performed with 50,000 neutrons per cycle and 4000 total
cycles, skipping the first 200. Note that this calculation was also performed with the
control rod and blades near the core midplane, for a critical (keff ~1) system. Precursor
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data was not collected. The value of βeff determined by MCNP using this method was
0.00734 ±0.00010, which matched the SCALE value.
These values can be compared to those reported in the WSU Safety Analysis
Report (TRIGA Reactors Division of General Atomics, ESI, 2007). In the report, MCNP
was used to perform two criticality calculations with and without delayed neutron
accounting, as was done above in SCALE. For the core Beginning of Life (BOL), βeff
was found to be 0.0075 ± 0.0002. A separate value was also reported in the same report
for the same calculations performed on the core after simulating 1000 MWD burnup. In
that case βeff = 0.0073 ± 0.0002. A summary of all values is provided in Table 27.
Table 27: Comparison of Delayed Neutron Fraction Determined by Different Methods.
Code
SCALE
MCNP
MCNP
MCNP

± (1σ)
Report
Method
Reactor Conditions
β-eff
This Work
Two Eigenvalue Calculations
Rods at Midplane
0.007342 0.000094
This Work Adjoint Flux Tracking, Blocks of 10
Rods at Midplane
0.00734 0.00010
WSU SAR*
Two Eigenvalue Calculations
Unrodded, BOL
0.0075
0.0002
WSU SAR*
Two Eigenvalue Calculations
Unrodded, 1000 MWD burnup 0.0073
0.0002

* (TRIGA Reactors Division of General Atomics, ESI, 2007)
There is good agreement among all cases.
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CHAPTER 7: DU and HEU Irradiation Characterization Using SCALE
The new SCALE model of the WSU TRIGA reactor was shown in Chapter 6 to
perform equivalently to the previously existing model in MCNP. It was also shown to
accurately determine important reactor parameters including the delayed neutron fraction
and negative temperature coefficient of reactivity. Next, the focus is turned to
characterizing the experimental irradiations described in Chapter 4.
Section 7.1: Model Results for Flux
The neutron flux that passed through the 10B4C irradiation shield was tallied in
both SCALE and MCNP calculations. In SCALE, there were no tallies collected below
285 eV or above 14.6 MeV in the materials inside the shield, including the air
surrounding the foils. Higher energy neutrons (up to 20 Mev) were likely not born in the
system very often or were moderated well before reaching the foils, and the lower energy
thermal neutrons were effectively excluded from passing through the cadmium liner
surrounding the shield, and then through the shield itself. No tallies were collected in the
DU or HEU foil below 683 eV. By 8 keV, the tallies had risen by two orders of
magnitude. Similarly, in the MCNP calculation, no tallies were collected inside the
boron carbide shield below 280 eV nor above 14 MeV.
To compare flux tallies between SCALE and MCNP, it is helpful to include
energy bins in the input file for SCALE that match those in MCNP. Otherwise, SCALE
will collect tallies using its default 252-group structure, which will likely not match the
output from MCNP. In SCALE fluxes are tallied by default in each region of every unit
if the parameter “flx=yes” is specified (it can be set to “no” in the parameters block). The
flux tallies can be printed to an ASCII file for specific mixtures that are included in the
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Reactions block if the parameter “mixflx=yes” is included. For this work, mixture fluxes
were included for the shield, the air inside the shield, and the DU and HEU foils in the
Reactions block.
In MCNP, the fluxes are collected by entering an F4 tally and specifying which
cell(s) to collect the tallies in. The energy groups must be specified for the F4 tally. The
comparison of the flux entering the shield and available to impact the foils shows good
agreement between SCALE and MCNP (Figure 42). The peak neutron energy for
neutrons that have passed through the shield lies just over 1 MeV. Neutrons higher than
~10 MeV are an insignificant fraction of the total population.
Flux Passing Through the 10B4C Shield as Modeled by SCALE and MCNP
1.E-06
1.E-06

SCALE
MCNP

Flux Tally/Particle

1.E-06
8.E-07
6.E-07
4.E-07
2.E-07
0.E+00
1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

Energy bin midpoint (eV)

Figure 42: Flux Distribution Inside the 10B4C Irradiation Shield.
The SCALE results show a somewhat higher fraction of neutrons in the lower
energy range from 1E+04 – 1E+05 MeV than the MCNP results, which gets more
significant the lower the energy, but the tallies are also dropping to low levels of neutrons
at that point. Overall, the agreement is good with differences within ±5% where the
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tallies are substantial. These fluxes were determined with 300,000 neutrons per
generation for 6000 generations. The percent difference between the two code results is
overlaid on the spectrum for comparison purposes in Figure 43.
Flux Passing Through the 10B4C Shield as Modeled by SCALE and MCNP
30%

1.E-06

SCALE

25%

MCNP

20%

% Difference

15%

Flux Tally/Particle

1.E-06

10%
5%

8.E-07

0%
6.E-07

-5%
-10%

4.E-07

-15%

% Difference SCALE to MCNP

1.E-06

-20%

2.E-07

-25%
-30%

0.E+00

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

Energy bin midpoint (eV)

Figure 43: Comparison of Flux Distributions Inside Shield from SCALE and MCNP.
Good agreement is found between the different code results where there are
substantial tallies to compare.
The flux that impacted each of the irradiated foils was also collected. Because the
DU foil is roughly ten times more massive than the HEU foil, it is important to consider
that it will see more flux overall. On a per gram normalized basis, the two foils should
have seen comparable fluxes if the reaction rates are to be compared between them. The
results collected in SCALE for the foil fluxes are shown in Figure 44 to be comparable.
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Flux Distribution in Irradiated DU and HEU Foils
100

2.5E-06

DU Foil
HEU Foil

60

Flux Tally

40
20

1.5E-06

0
-20

1.0E-06

-40

% Difference (DU:HEU)

2.0E-06

80

-60

5.0E-07

-80
-100

0.0E+00

1.E+04

1.E+05

1.E+06
Energy (eV)

1.E+07

Figure 44: Comparison of Flux Distributions in DU and HEU Foils in SCALE.
The fluxes impacting the foils are limited by the SCALE run time. The fluxes
shown for the foils were collected from calculations with 500,000 neutrons per
generation and 5000 generations (for 2.5 billion total particle histories); that number of
histories required approximately 17 days of runtime in SCALE. The comparable run in
MCNP required much less time (an overnight run was possible), depending on the system
used and how many nodes were available to dedicate to the code. The difference
between code that can run parallel processing and code that cannot is significant. Were
longer calculations performed, the agreement between fluxes in the two foils might have
been improved.
Section 7.2: Model Results for Reaction Rates in DU and HEU
Reaction rates in the DU foil were calculated by both SCALE and MCNP for the
238

U(n,2n)237U and the 238U(n,γ)239U. The tallies collected for each of the reactions were

used to determine the ratio of 237U/239U production in each foil. The tallies are reported
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in the output files with units of cm-3‧s-1, so are already normalized to the volume of each
foil. A direct ratio can be taken. The reaction rate calculations used 500,000 neutrons
per generation and 5,000 generations.
Table 28: Reaction Rate Results for 237U/239U Production in DU Foil.
Result
238

U(n,2n)

238

U(n,γ)

SCALE

± (%)
(1σ)
1.00067 0.0020
MCNP

k-eff

0.999911

± (%) (1σ)
0.0019

U tallies

1.345E-08

7.9

1.299E-08

7.9

1.387E-07

1.6

1.307E-07

1.8

0.0970

8.1

0.0994

8.1

237
239

U tallies

238

239

U/ U

The values for the 238U(n,2n) tallies had high uncertainties due to low numbers of
particles at the higher energies needed for the reaction. The high uncertainty on the
(n,2n) reaction leads to an overall high uncertainty in the ratio of 237U/239U as well.
Nevertheless, the results for each of the codes are consistent within uncertainties. There
was a tradeoff between uncertainties achieved and length of time required to run to the
code in SCALE, which was about 17 days for this calculation.
The TSUNAMI-3D calculation also included a result for the 237U/239U production
(but not for tallies for each reaction individually). This value can be compared to the
other model results and to the experimental results obtained by laboratory measurements
of the foil, based on the average measurement of both short-lived and long-lived species.
A summary of all results for 237U/239U production in depleted uranium is provided in
Table 29 and Figure 45. The TSUNAMI-3D result has a higher uncertainty due to fewer
total particle histories (it used 5,000 npg for 250,000 gen = 1.25E+09 histories while the
production runs in SCALE used 500,000 npg for 5,000 gen = 2.5E+09 histories).
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Table 29: Comparison of Modeled and Measured 237U/239U Results in DU Foil.
237

2017 Lab Meas. Avg
2018 Lab Meas. Avg
Combined Avg
SCALE
MCNP
SCALE TSUNAMI-3D

U/239U ± (% 1σ)
0.1009
1.1
0.1045
1.0
0.1028
0.74
0.0970
8.1
0.0994
8.1
0.1007
11.6

Reaction Rate Ratio (± 1σ) of 238U(n,2n)237U / 238U(n,γ)239U Modeled by
SCALE and MCNP and Measured Experimentally in Two DU Foil Irradiations
0.115
0.110

237/239

0.105
0.100
0.095
0.090
0.085
0.080

2017
Meas.

2018
Meas.

SCALE

MCNP

SCALE,
TSUNAMI-3D

Figure 45: Comparison of Modeled and Measured 237U/239U Production in DU.
The dashed line represents the average of all laboratory measurements and the
dotted lines are ± 1σ propagated uncertainties of the replicates. All model
results agree with measured values within uncertainties.
Although the uncertainties for the models are significantly larger than the highest
uncertainties on the laboratory values, all model results agree with the measured values
for 237U/239U production in the DU foil within 1σ uncertainty.
The results for measured and modeled fissions that occurred in both the DU and
HEU foils can be similarly compared. In the laboratory, the fission measurement is
determined by the concentration of 99Mo in the dissolved foils. The 99Mo could have
been produced by the fission of 235U, 238U, or any other fissioning species that may have
been present in the foils, and it represents the nuclide integrated fission term. The
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isotopics of the ingoing foil were well known for the DU foil (Table 5 and Table 6), but
were less well-known for the HEU foil, which could have contained some 239Pu or 237Np.
Only fissions, and not the other reaction rates, were measured in the HEU foil, so
background actinides were not a complicating factor for that foil unless they caused
fission. For the SCALE model results, it is important to sum the tallies for 235U fission
with those from 238U fission in each foil to match the laboratory measured values. In
MCNP, the F4 tally for fission is already a mixture-integrated value, so summing is not
necessary. However, it would also tally fissions from any other fissioning species that
were present in the mixture if included. In that case, the results would be expected to be
higher than the SCALE results, but would be more directly comparable to laboratory
measured results.
Table 30: Results for Fission Reaction Rates in SCALE and Fission Tallies in MCNP for
DU and HEU Foils.
SCALE

± (%)
(1σ)

MCNP

± (%)
(1σ)

235

5.965E-10

0.8

--

--

238

2.357E-07
2.363E-07

1.3
1.3

--

235

1.682E-08

2.5

-1.3
--

238

U (n,f) tallies in HEU
Total U fissions in HEU

1.414E-06
1.431E-06

1.5
1.5

1.366E-06

-1.6

U(n,γ)239U tallies in DU

1.387E-07

1.6

1.307E-07

1.8

1.704

2.1

1.782

2.2

Result
U (n,f) tallies in DU

U (n,f) tallies in DU
Total U fissions in DU
U (n,f) tallies in HEU

238

fission/

239

U in DU

2.329E-07
---

In this case, the ratio of fissions:239U produced does not quite overlap within 1σ
uncertainties between SCALE and MCNP. There is agreement at 2σ, however.
According to the SCALE tally results, the 235U component of the DU foil contributed an
extra 0.25% to the reaction rate tallied for 238U fissions. Similarly, the 238U component of
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the HEU foil contributed an extra 1.19% to the total fissions tallied for 235U in that
material. The sum value for fissions in both species was used for comparison purposes.
The ratio of fissions to 238U(n,γ)239U tallies was compared between laboratory
measurements, SCALE, MCNP, and TSUNAMI-3D as shown in Table 31 and Figure 46.
Table 31: Comparison of Modeled and Measured Fission / 239U Results in DU Foil.
2017 Lab Meas. Avg
2018 Lab Meas. Avg
Combined Avg
SCALE
MCNP
SCALE TSUNAMI-3D

fission/239U ± (% 1σ)
1.746
1.5
1.773
1.6
1.759
1.1
1.704
2.1
1.782
2.2
1.741
3.6

Reaction Rate Ratio (± 1σ) of 238U(n,fission) / 238U(n,γ)239U Modeled by
SCALE and MCNP and Measured Experimentally in Two DU Foil Irradiations
1.850

fission / 239

1.800

1.750

1.700

1.650

1.600

1.550

2017
Meas.

2018
Meas.

SCALE

MCNP

SCALE,
TSUNAMI-3D

Figure 46: Comparison of Modeled and Measured fission / 239U Production in DU.
The dashed line represents the average of all laboratory measurements and the
dotted lines are ± 1σ propagated uncertainties of the replicates. All model
results agree with measured values within uncertainties.
The model results for fission rates in both DU and HEU foils were also compared,
as a measure of the spectral index. Using data from Table 30 for total fission rate in each
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foil, a ratio was made of fissions in DU : fissions in HEU, which was compared to
laboratory measured values (Table 32).
The value for spectral index for the TSUNAMI-3D calculation was determined
from the Response 90 result, which is the ratio of 238U fissions in DU : 235U fissions in
HEU (see input code in Figure 28). The result was reported in the output as Response 90
= 2.261 ± 0.063. This value was then normalized to the masses of the foils used by the
model (2018 foil masses), 0.569804 g DU/ 0.0441019g HEU = 12.920. Dividing the
Response 90 result by this normalization factor gives the spectral index = 0.175 ± 3.0%
(accounting for weighing uncertainty and tally sampling uncertainty). However, this
value for spectal index is expected to be an overestimate compared to the other values
that use total fissions in each foil for the ratio. Response 90 lacks the 235U fission
component in the DU foil as well as the 238U fission component in the HEU foil. These
components can be estimated from the SCALE KENO calculation where they were
tallied independently. There it was found that the 235U fission component in the DU foil
contributed an additional 0.2531% to the fissions tallied for 238U, and the 238U fission
component in the HEU foil contributed an additional 1.1895% of the fissions tallied for
235

U (Table 30). After some algebraic rearrangements, an adjusted TSUNAMI-3D

spectral index result is obtained:
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 90 = 2.261 =

238𝑈 𝑓𝑖𝑠𝑠 𝐷𝑈
235𝑈 𝑓𝑖𝑠𝑠 𝐻𝐸𝑈

=

𝑥
𝑦

∴ 2.261(𝑦) = 𝑥
𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 90 =
=

2.261𝑦+0.002531(2.261𝑦)
𝑦+0.01895𝑦

=

7-2
𝑥+0.002531𝑥
𝑦+0.01895𝑦

2.2667𝑦
1.01895𝑦

= 2.22457

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑆𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝐼𝑛𝑑𝑒𝑥 = 2.22465/12.920 ≅ 0.172
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7-1

7-3
7-4
7-5

This adjusted value, as well as the response 90 value, is presented in Table 32 and
Figure 47. Even with the adjustment, the TSUNAMI-3D result is still the highest value,
but nevertheless agrees with all the other values within uncertainty.
Table 32: Comparison of Modeled and Measured Spectral Index Results.
2017 Lab Meas. Avg
2018 Lab Meas. Avg
SCALE
MCNP
SCALE TSUNAMI-3D
Adjusted SCALE TSUNAMI-3D (Adj.)

Spectral Index
0.164
0.168
0.165
0.171
0.175
0.172

± (% 1σ)
1.8
2.2
1.9
2.0
3.0
3.0

Spectral Index
(fissions/mg DU : fission/mg HEU)

Spectral Index Modeled by SCALE and MCNP and Measured Experimentally in a DU
and HEU Irradiation
0.180

0.175
0.170

0.165
0.160

0.155
0.150

2017
Meas.

2018
Meas.

SCALE

MCNP

SCALE,
TSUNAMI-3D

Adjusted
TSUNAMI-3D

Figure 47: Comparison of Modeled and Measured Spectral Index.
The dashed line represents the average of all laboratories’ measurements for
both irradiations and the dotted lines are ± 1σ propagated uncertainties of the
replicates. All model results agree with measured values within 2σ
uncertainties.
For Spectral Index, it is worth pointing out that the model foil masses match those
from the 2018 irradiation and differed slightly from the 2017 masses. While all values
agree within 2σ uncertainties, a slight difference at 1σ could possibly be explained by the
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relative foil sizes for each year, and the models would be expected to more closely match
the 2018 measured values.
In summary, the new SCALE TRIGA model was able to successfully determine
the reaction rate ratios of 237U/239U, fissions/239U, and spectral index from an irradiation
of DU and HEU foils when compared to laboratory measured benchmark values. The
SCALE results also matched within uncertainties to the results obtained from MCNP
calculations. With confidence that the SCALE model performs accurately, the focus now
turns to a sensitivity/uncertainty analysis of these reaction rate ratios.
Section 7.3: Sensitivity/Uncertainty Analysis
The sensitivity/uncertainty analysis capabilities of SCALE include a relatively
new calculation methodology within CE TSUNAMI-3D called GEAR-MC, or
GEneralized Adjoint Response in Monte Carlo (Perfetti & Rearden, 2013), which was
used in this work. This method combines aspects of two previously existing methods
known as IFP, or Iterated Fission Probability, and CLUTCH, or Contribution-Linked
eigenvalue sensitivity/Uncertainty estimation via Tracklength importance
CHaracterization.
The IFP method was conceived of some 60 years ago for determining the effect
on the system eigenvalue caused by various perturbations in a system, and it was
eventually realized in a Monte Carlo code by around 2009 (Kiedrowski, Brown, &
Wilson, 2011). It relies on the determination of a neutron’s importance by tallying how
many descendent/progeny neutrons have arisen at some later generation (the asymptotic
generation) due to reactions made by the original neutron. Because this method tracks
energy-dependent tallies of secondary particles and their reactions through many latent
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generations, it has a very high memory requirement. In the input, it is important to set the
number of latent generations sufficiently high so that the asymptotic population is
converged, or accurately represents the true population of progeny neutrons.
The CLUTCH method was developed more recently (Perfetti, et al., 2012) with
the goal of application to continuous energy calculations, but also reduces the memory
footprint required for sensitivity analysis. In this method, the importance weighting of a
neutron is an expected value determined as a function of position within the fissionable
material of a system. The method only tallies the collisions of the original particle (not
secondary particles and their reactions) until its death, and then calculates the importance
of each of those collisions using the weighting function. This technique results in a lower
memory requirement.
The GEAR-MC method calculates sensitivities for responses other than the
eigenvalue. The response ratios, designated “R” are in the form of a ratio of neutron
reaction rates:

𝑅=

<𝛴1 𝜑>

7-6

<𝛴2 𝜑>

Where Σ1 and Σ2 are nuclear cross-sections and φ is the flux. The response can be
integrated over a single mixture in the system, or over all phase space. For example, in
this work, response ratio 20 is defined for mixture 81, the DU foil, as:

𝑅20 =

238𝑈 (𝑛,2𝑛)237𝑈
238𝑈 (𝑛,𝛾)239𝑈

=

〈𝛴238

𝑈(𝑛,2𝑛)

〈𝛴238

𝑈(𝑛,𝛾)

𝜑81〉

𝜑81 〉

7-7

For this work, the cross-sections were specified to be either macroscopic crosssections, using the keyword “macro,” or equal to 1, using the keyword “unity.” In the
latter case, the relevant response ratio is made with the unity response in the denominator
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to provide the macroscopic cross-section of a nuclear reaction in a mixture. For example,
response ratio 40 is specified as:

𝑅40 =

〈𝛴238

𝑈(𝑛,2𝑛)

𝜑81〉

〈(1)𝜑81 〉

= 𝛴238𝑈(𝑛,2𝑛)
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The sensitivity coefficient is calculated for the response ratios as the relative
change in R due to a change in some system parameter, Σx:

𝑆𝑅,𝛴𝑥 =

𝛿𝑅/𝑅
𝛿𝛴𝑥 /𝛴𝑥

7-9

The sensitivity coefficient is determined by GEAR-MC in a hybrid calculation
where the intragenerational importance of a neutron is determined using CLUTCH
methodology, but the intergenerational importance is determined using an adaptation of
IFP (Perfetti & Rearden, 2014). The memory requirements are still high, necessitating
the use of a LANL server for the TSUNAMI-3D calculation performed here, and the
runtimes are substantial, requiring ~70 days of runtime for this analysis, which utilized
5,000 npg and 250,000 generations.
Due to the extreme length of the TSUNAMI-3D simulations, many of the energydependent sensitivity coefficient results appear to have large errors, and indeed the tally
convergence does have room for improvement. However, when making direct
comparisons between different sensitivity coefficients, it is readily seen that the
differences between values (which can sometimes vary by orders of magnitude) are larger
than the uncertainties. Therefore the comparisons are valid within their error estimates.
The sensitivity analysis output for the foil irradiation calculation is a large dataset
that could be mined for a number of different applications. Sensitivity analysis in general
is commonly applied to validation of codes and verification of nuclear data. However,
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from the radiochemist’s perspective, it can help guide experimental design for foil
irradiations. Quantification of the degree of sensitivity that the reaction rates in the foils
have to various system parameters can inform their modification if necessary. For
example, sensitivity to shielding materials can help predict what effect changing the size,
enrichment, or material combination in the shielding would have on foil reaction rates of
interest. Sensitivity to co-located foil reactions can inform irradiation foil packaging
requirements, such as spacing and orientation. Sensitivity to reactions occurring in the
fuel could influence which, or what type of, reactor an irradiation package should be sent
to. Sensitivity of the reactions of interest to other reactions in the foil itself could indicate
whether the foil purity is sufficient. These applications were considered in the evaluation
of the sensitivity coefficient results.
To begin evaluating sensitivity coefficients, a type of check of the calculation can
be made using the sensitivity of the 237U/239U production ratio in the DU foil to each of
the reaction rates that comprise that ratio. The results of the sensitivity analysis indicate
that the energy-integrated sensitivity of the ratio for 237U/239U production is about equal
and opposite to the 238U(n,2n) and 238U(n,γ) cross-sections for this system, both with a
magnitude of ~1. The sensitivity coefficient to the 238U(n,2n) system reactions is 1.02 ±
0.16 and to the 238U(n,γ) system reactions is -1.00 ± 0.05. The energy dependence of
each differs, however, as would be expected, and the energy distribution of these
sensitivities is shown in Figure 48. This check provides some confidence that the
sensitivity analysis calculations are performing as expected and gives a sense of the
possible precision available.
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Figure 48: Sensitivity of the 237U/239U Production Ratio in the DU Foil to the SystemWide 238U(n,2n) Reactions and 238U(n,γ) Reactions.
The sensitivity of the (n,2n)/(n,γ) reaction rate to other system parameters can
next be explored. The enriched boron carbide shield is of interest, because it altered the
neutron energy spectrum that impacted the irradiated foils. Sensitivity coefficient results
show that the ratio has a very high sensitivity to 10B neutron reactions, particularly the
(n,α) reaction, albeit the errors are high (Table 33). In contrast, the cadmium liner
surrounding the shield has orders of magnitude less effect (or no effect, given errors) on
the reaction rate ratio than the boron carbide shield. Out of all cadmium isotopes the
ratio is most sensitive to 113Cd, which was discussed in Section 4.1 with a depiction of the
relevant cross-sections in Figure 11. As discussed, the (n,γ) reactions in cadmium are the
primary contributor to the sensitivity coefficients for that element, while the (n,α)
reactions are insignificant and ~5 orders of magnitude lower.
The relative statements previously made regarding the expected effects of the
shielding have now been quantified with the results of the TSUNAMI-3D sensitivity
analysis. The reaction rate ratio of 238U (n,2n)/(n,γ) is 68.5% more sensitive to the 10B
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macroscopic total cross-section in the shield than it is to the 113Cd macroscopic total
cross-section in the shield liner. Of course, the number densities of each play a large role
in those values, as the boron shield is much larger than the cadmium liner. Notice also
that based on total cross-sections, the only isotope that would effectively lower the
production ratio of 237U/239U if it were added to the shielding is 110Cd (negative
sensitivity coefficient). All other isotopes favor an increase in 237U production relative to
239

U.

Table 33: Sensitivity of 237U/239U Production in the DU Foil to Reactions Occurring in
the Shielding.
Energy Integrated, Region Specific Sensitivity Coefficients
(n,α)
(n,γ)
Total xsec
±
±
±
10

8.03E-01

1.88E-01 6.18E-01 1.32E-01 7.75E-05 1.74E-05

11

B

1.18E-02

1.05E-02 -4.97E-10 4.97E-10 -2.02E-07 1.85E-07

106

Cd

1.19E-04

2.76E-04 1.25E-07 3.93E-08 2.14E-05 4.07E-06

108

4.03E-05

3.59E-04 2.85E-10 1.93E-10 1.28E-05 2.43E-06

110

-3.88E-04 1.30E-03 5.01E-10 4.50E-10 9.37E-05 1.65E-05

111

8.03E-04

9.82E-04 4.46E-09 1.31E-09 3.03E-04 5.65E-05

112

1.61E-03

1.94E-03 1.04E-10 1.01E-10 3.46E-04 1.52E-04

113

1.17E-02

9.28E-03 3.91E-10 2.11E-10 3.76E-04 1.80E-04
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5.64E-03

4.94E-03 1.21E-11 1.20E-11 7.23E-04 4.83E-04

B

Cd
Cd
Cd
Cd
Cd
Cd

The effect of the enriched boron carbide shield on the spectral index of the foils is
not quite as large as it is on the 237U/239U production (0.80 ± 0.19), but it is still
significant at -0.37 ± 0.14, and in the opposite direction. In this case, any increase to the
10

B in the shield would effect a decrease in the spectral index, as the sensitivity

coefficient for that isotope is negative. Figure 49 compares the energy distributions for
sensitivity coefficients of both the spectral index and the 237U/239U production ratio to 10B
reactions in the shield.
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Figure 49: Sensitivity of the Spectral Index and 237U/239U Production Ratio in the DU
Foil to 10B Reactions in the Shield.
Sensitivity coefficient determination can be a useful tool, as demonstrated here,
for testing shielding materials (composition and size) in models without having to
conduct an irradiation experiment.
It is also interesting to examine the effects of the thermal scattering kernels used
for the fuel composition. The effect of elastic scattering from hydrogen in the zirconium
hydride lattice is substantial, as expected, and can be quantified with a sensitivity
coefficient of 1.223 ± 0.64. Although the error is high, this value indicates that for a 1%
change in the hydrogen thermal scattering kernel in the system (due to temperature
changes, concentration in new fuel, or some other cause) there would be a 1.22% increase
in the 237U/239U production in the DU foil. In comparison, the 90Zr scattering kernel
(Zr90-Zr5H8) has no quantifiable effect on this ratio, and the carbon scattering kernel for
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the graphite reflector blocks produces a sensitivity coefficient of only 0.038 ± 0.027.
These values are compared in Table 34.
Table 34: Sensitivity of 237U/239U Production in the DU Foil and Spectral Index to
Thermal Scattering Kernels Used System-Wide and Energy Integrated.
237

H-ZrH2

U/239U Production in DU Foil
Total xsec
±
± (%)
1.223
0.64
52

Spectral Index
Total xsec
±
± (%)
-0.532
0.235
44

H

0.066
0.46
697
(Not Quantifiable)

-1.246

0.278

22

Zr90-Zr5H8

0.046
0.22
484
(Not quantifiable)

-0.333

0.111

33

1

90

Zr

c-graphite

0.055

0.026

46

0.038

0.027

73

-0.008
0.012
146
(Not quantifiable)
-0.120
0.065
54

The effect of these scattering kernels on the spectral index of the foils (fissions in
DU foil / fissions in HEU foil) is also substantial, but in the opposite direction as the
effect on the 237U/239U production ratio. In this case, any increase in the scattering
reactions would cause a decrease in the spectral index, favoring fission in the HEU (235U)
relative to fission in the DU foil (238U). Also, the sensitivity to the total hydrogen crosssection is higher in this case than for the hydrogen scattering kernel. The graphite and
zirconium scattering kernels have a 3 times and 7 times higher effect, respectively, on the
spectral index than on the 237U/239U production ratio. The energy distribution of the
spectral index sensitivity to various thermal scattering kernels is shown in Figure 50.
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Figure 50: Energy Distribution of Spectral Index Sensitivity to the System-Wide Thermal
Scattering Kernels.
Some irradiation experiments, including those described in this work, contain
multiple co-located foils. Using sensitivity analysis, it can be determined whether, or
how much, reactions in one foil affect those in another. In this case, the sensitivity
coefficients for all response ratios in the DU foil were 0 ± 0 to all uranium neutron
reactions in the HEU foil mixture and vice versa, including fission. Therefore the
presence of reactions in either foil did not have a significant impact on reactions in the
other. This result might differ if the foils were not located one above the other in the zdirection and were instead side-by-side.
The effects of fuel burn-up in an aging reactor on the foil reaction rates can also
be explored using sensitivity analysis. The build-up of 236U, 239Pu, and fission products,
some of which are neutron poisons, occurs over time with reactor usage. The sensitivity
of the foil reaction rates to 236U, 239Pu, 149Sm, and 151Sm reactions in the fuel pins was
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explored. The results are shown in Figure 51. The Sm isotopes both had very low, nonquantifiable results for sensitivity coefficients, probably due primarily to low atom
densities. The sensitivity to the 236U total reaction cross-section was +0.0030 ± 0.0022,
in favor of increasing the 237U/239U ratio. The 239Pu, on the other hand, is associated with
a negative sensitivity coefficient for the ratio, indicating that its buildup increases the
(n,γ) reaction in the DU foil over the (n,2n), at a rate of ~0.011% per percent change in
buildup (although with a high error). This is an especially significant finding considering
that Pu from burnup was only included in the 68 standard fuel pin mixtures of this model
and not the 51 LEU 30/20 fuel pins. The reaction rate ratio modeled here did not differ
significantly from measured laboratory values despite this omission in the model, so the
difference was either within measurement/calculation errors, or there could be other
possible offsets in the ratio due to opposite sensitivity coefficients to other isotopes
formed during fuel burnup that were not examined here.

Figure 51: DU 237U/239U Reaction Rate Sensitivity to Fuel Reactions in Isotopes Formed
from Burnup.
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The final response ratios to consider from this model input are the macroscopic
cross-section responses (that utilized “unity” in the denominator of the response ratio).
From these data, we can compare the sensitivity of the macroscopic cross-sections in the
foils to other reactions in the foils. For example, the 238U(n,2n) macroscopic crosssection in the DU foil was found to have a sensitivity coefficient of -0.00226 +/- 0.00081
to the 238U(n, fission) reactions within the same foil, but a coefficient of only 0.00033 ±
0.00003 to the 238U(n,γ) cross-section (Figure 52). The 238U(n,2n) and 238U(n,fission) are
competing reactions at these higher energy levels. A neutron that induces fission in a foil
nuclide is not available to effect an (n,2n) response. However, a fission that occurs in the
foil also produces neutrons which could induce an (n,2n) reaction in neighboring
nuclides. So the sensitivity here is multi-faceted.

Figure 52: DU 238U(n,2n) Macroscopic Cross-Section Sensitivity to 238U(n,fission) and
238
U(n,γ) Reactions Within the Foil.
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The macroscopic cross-section sensitivity for the (n,2n) can be compared to the
sensitivity for the 237/239 production ratio, which includes it. The reaction rate ratio of
(n,2n)/(n,γ) in the foil is slightly less sensitive (coefficient = -0.00102 ± 0.00031) to
fissions in the foil than the (n,2n) cross-section is (coefficient = -0.00226 ± 0.00081) at
1σ uncertainty. The values do overlap at 2σ uncertainty, showing that this cross-section
sensitivity to foil fissions is the primary significant contributor to the overall ratio
sensitivity.

Figure 53: Comparison of DU 237U/239U Production Sensitivity and 238U(n,2n)
Macroscopic Cross-Section Sensitivity to 238U(n,fission) Within the Foil.
All-in-all, sensitivity analysis provides an abundance of data that can answer a
wide-ranging array of questions related to an entire system. Changes in complex
systems, such as the reactor modeled here, can be better characterized as to regionspecific or reaction specific effects. The technique, although somewhat time- and
memory-consuming, is a powerful tool.
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Switching gears now from sensitivity analysis to uncertainty analysis, the SCALE
TSUNAMI-3D module calculates the total relative standard deviation (RSD) of a
response ratio (% δR/R) caused by cross-section covariance (uncertainty) data. It also
creates a list of contributions to that total RSD from each nuclide reaction occurring
anywhere in the system. Before discussing the results, some background information on
cross-section uncertainties is presented.
The uncertainty in the 238U(n,2n) known cross-section is relatively high when
compared to that for 238U(n,fission) or even 238U(n,γ) cross-sections. Somewhat recently,
ENDF covariance data has become easily accessible on the NNDC website maintained by
Brookhaven National Lab (National Nuclear Data Center, 2018). Some covariance data
is included for the ENDF/B-VII.1 library, but more available data is associated with the
ENDF/B-VIII.0 library. Starting with SCALE version 6.2, the code uses a covariance
library based on ENDF/B-VII.1 data for 187 nuclides newly available, and an assembly
of other data for 215 nuclides carried over from version 6.1 (and prior). The assembled
covariance data came from ENDF/B-VI, JENDL-4.0, and low fidelity approximations
from national laboratory collaborations, referred to as “BLO approximations” or “SG-26”
approximations (Rearden & Jessee, 2018).
Prior to examining the covariance libraries, however, it can be informative to
examine how cross-section data varies from one ENDF file release to the next. Figure 54
shows the available experimental data for historical measurements of the 238U(n,2n)
cross-section in comparison with a handful of data files from different library
evaluations, including the ENDF/B releases -V, -VI, -VII.0, -VII.1 and -VIII.0.
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Figure 54: Comparison of Available Experimental Data and Various Library
Evaluations of the 238U(n,2n) Cross-Section.
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The difference between different library data files, even from release-to-release of
the same file, can be significant. A pointwise comparison of the ENDF/B-VII.1 file was
made to a release before (ENDF/B-VI) and after it (ENDF/B-VIII.0) by taking the
percent difference of tabulated data, where energies matched. The results, shown in
Figure 55, reveal that the percent difference between evaluated files for the (n,2n) crosssection can be as high as 65% at 6.25 MeV (which is very close to the threshold energy
of the reaction) between the VI and VII.1 releases of ENDF. Between the VII.1 and
VIII.0 releases, the difference was smaller at the lower relevant energies, but was at least
5% different between 13 and 15 MeV and 10% different at 19 MeV. This cross-section
is best known in the energy range from 9 – 12 MeV, where the change introduced from
one library evaluation to the next is ~1.7%.
Pointwise Percent Difference Between ENDF Releases of the 238U(n,2n) CrossSection
70

1.6
% Diff, ENDF/B-VII.1 to VIII.0
% Diff, ENDF/B-VII.1 to VI
ENDF/B-VIII.0
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Figure 55: Pointwise Percent Difference Between ENDF Releases of the 238U(n,2n)
Cross-Section.
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The covariance data for this reaction was taken from the ENDF/B-VII.1 library
where available for the uncertainty analysis performed by TSUNAMI-3D for this work.
That data is shown in Figure 56. The relative uncertainty in the 238U(n,2n) cross-section
used for the uncertainty analysis is ~80% at 6 MeV, but drops to 5.1% at 7 MeV. The
relative uncertainty of this cross-section is never less than 2% over any energy range.

Figure 56: Covariance Data for 238U(n,2n) Cross-Sections From ENDF/B-VII.1.
The relative uncertainty of the cross-section varies from >2% to 5.1% for most
of the energy range applicable to the foils except from 6-7MeV, which has an
uncertainty near 80%.
In comparison, the covariance data for the 238U(n,fission) reaction for a similar
energy range is shown in Figure 57. The relative uncertainty for the fission cross-section
hovers near 1% for the entire energy range of interest to the foil irradiation, indicating
how much better known it is than the 238U(n,2n) cross-section.
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Figure 57: Covariance Data for 238U(n,fission) Cross-Sections From ENDF/B-VII.1.
The covariance data is used by SCALE (via the TSUNAMI-3D module) to
determine the total uncertainty of response ratios due to the nuclear cross-section
uncertainties of the system (as the variance) using a first order general perturbation
equation, the Sandwich Equation (Equation 7-10):

𝜎𝑅21𝑅2 = 𝑆𝑅1𝛴𝑥 ⋅ 𝐶𝑜𝑣𝛴𝑥,𝛴𝑦 ⋅ 𝑆𝑅𝑇2𝛴𝑦

7-10

where “S” represents the sensitivity coefficient of the ratio of reaction rate R1 and
R2 with respect to changing system parameters Σx and Σy (which can be the same
parameter) and “Cov” represents the covariance matrix of both system parameters.
For the 238U(n,2n)/(n,γ) response ratio (Response 20), the total RSD due to crosssection covariance data, system-wide, is 20.0% ± 3.0% (Figure 58 and Table 35). The
code output also lists the contributors to the total response RSD by nuclide reaction
(system-wide) in order from greatest contributor to least. In spite of the known large
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uncertainty of the 238U(n,2n) cross-section, the largest contributor to the deviation of the
238

U(n,2n)/(n,γ) response ratio is the 235U Chi covariance data at 18.7% ± 3.0%. The

238

U(n,2n) covariance data is the second largest contributor at 7.8% ± 3.8%, which is

about the same uncertainty as the percent difference determined for this reaction between
ENDF library releases in Figure 55. The contribution from the (n,γ) covariance to this
ratio is much less, at only 0.97%, which is lower even than the contribution from 10B
elastic scattering. The section of the output file listing the top contributors to the RSD of
this reaction rate is reproduced in Figure 58.

Figure 58: Uncertainty Analysis for the (n,2n)/(n,γ) Reaction Rate Response.
Contributions to the relative standard deviation of the response are listed for
each nuclide in the system—only the top contributors are pictured here.
Overall, the cross-section covariance data causes 20% uncertainty in the
response ratio.
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The 20% total uncertainty of the 238U (n,2n)/(n,γ) reaction rate ratio is large. In
comparison, the uncertainty analysis for the 238U(n,f)/(n,γ) response ratio (Response 30)
shows an overall RSD of 4.20% ± 0.14% due to cross-section covariance data. The
largest contributor to that response ratio is again the 235U chi covariance data at 3.90% ±
0.13%, followed by the 238U(n,γ) covariance at only 0.978% ± 0.006%. The results for
total uncertainty of each response ratio due to cross-section covariance data is shown in
Table 35.
Table 35: Uncertainty of Response Ratios Due to Cross-Section Covariance Data.
Response
Ratio

Response Ratio Description

20

DU 238U(n,2n) / 238U(n,γ)

30

DU 238U(n,fission) / 238U (n,γ)

4.20

0.14

U (n,2n) macroscopic cross-section in DU foil

19.0

3.1

U fission macroscopic cross-section in DU foil

2.78

0.20

2.96

0.72

0.72

0.11

3.39

0.14

40

238

50

238

70
80

HEU

238

U(n,fission) /

238

U (n,γ)

235

U macroscopic fission cross-section in HEU foil
238

90

RSD of Response Due
to Cross-Section
+/- (%)
Covariance (%)
20.0
3.0

Spectral Index: U fissions per mg DU /
fissions per mg HEU

235

U

The uncertainty is likewise high for Response 40, the macroscopic cross-section
response for the 238U(n,2n) reaction, which is the source of the high uncertainty in
Response 20. But again, the highest contributor to the Response 40 uncertainty is the
235

U chi (χ) covariance data. The 235U χ is the fission spectrum energy distribution, or the

energy distribution of neutrons resulting from fissions in 235U. In SCALE, covariance
data for 235U χ is modified from the ENDF/B-VII.1 values by use of 235U thermal nubar
information taken from JENDL-3.3 (Rearden & Jessee, 2018). Given that the laboratory
measured value for the 237U/239U production rate matches the modeled value at less than
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10% uncertainty, the 235U covariance data might be overestimated in higher energy
regimes. The exact covariance values used by the code here warrants further
examination.
The high contribution of the 235U χ to the uncertainties in the foil reactions is due
in large part to the number of fission reactions occurring in that isotope for this system—
an operating, critical thermal reactor. These fission reactions produce the flux that is
eventually seen by the irradiated foils, and the uncertainty propagates as one fission
induces another. However, the magnitude of the uncertainty contributed to the (n,2n)
reactions is much higher than that contributed to the uncertainty of other foil reactions,
which could be a reflection of the threshold nature of that reaction, and uncertainties in
the flux around the threshold energy.
Uncertainty analysis, like sensitivity analysis, is a powerful tool. It sheds light on
poorly understood aspects of experiments and identifies what nuclear data needs
improvements or more rigorous testing. It helps call to mind the difference between
sampling uncertainty provided by code tallies and total calculation uncertainty, which
includes propagated values for nuclear constants and provides a better estimate of the
accuracy of a modeled result.
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CONCLUSIONS:
For this work, a new reactor model of the Washington State University TRIGA
conversion reactor was developed in the SCALE neutron transport code. The model was
characterized in terms of source convergence and neutron multiplicity and, when
compared to a previous MCNP model of the same reactor (updated with modern nuclear
data), was found to behave equivalently. The value of the reactor’s delayed neutron
fraction was calculated at 0.00734 ± 0.00009 and the negative temperature coefficient of
reactivity was determined to be -9.865E-5 Δk/k·°C, both of which are in agreement with
MCNP calculations of the same and with known values for TRIGA reactors. Using the
SCALE model, the control rod worth of the central transient control rod was calculated to
be $3.58 ± $0.039, which was in keeping with recent calibration values determined by
WSU staff in 2019 at $3.57.
The new SCALE reactor model was also used to characterize two recent
irradiations of DU and HEU foils performed at the reactor. On two separate occasions a
year apart, two foils were irradiated, dissolved, and distributed to multiple analysis
laboratories. The foil solutions were characterized for the short-lived actinides 237U and
239

Np by radiochemical purification and counting methods, as well as their long-lived

actinide progeny 237Np and 239Pu by radiochemical purification and mass spectrometry.
The short-lived analytes are useful in nuclear forensics but are unavailable for
measurement development and optimization unless they are first produced by irradiation.
The irradiation designed for the WSU TRIGA enabled production of a higher
concentration of 237U relative to 239U than other methods tried previously, including using
critical assemblies.
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For this work, experiments were conducted prior to the mass spectrometry foil
measurements to determine what separation factors could be achieved for the trace
actinides from the bulk uranium foil matrix as well as what chemical recovery could be
achieved for the Pu and Np analytes. Three different precipitation steps were
characterized, which were followed by anion exchange column separations. The
precipitations were successful, so were able to be used for the foil analysis.
Measurement results for the short-lived actinides and their long-lived progeny
indicated good agreement between measurement techniques within the laboratory as well
as between multiple participating laboratories. The data for the two separate irradiations
was compared for this work and found to be statistically indistinguishable, demonstrating
the reproducibility of the irradiation conditions at the reactor. The measured data was
used as a benchmark for the calculation of the reaction rates using the new SCALE
model. All were found to be in good agreement. The model was also used to determine
the neutron flux distribution impacting the foils.
Finally, a sensitivity/uncertainty analysis was performed for the reaction rates in
the foils. The 238U(n,2n)/(n,γ) reaction in the DU foil was found to be highly sensitive to
hydrogen scattering in the zirconium-hydride fuel (coefficient = 1.22), as well as 10B
reactions, particularly in the shielding (coefficient = 0.803), but less so to carbon
scattering in the graphite moderator or Cd shield isotope reactions. None of the reactions
investigated in the foils was found to have any sensitivity to reactions in a neighboring,
co-located foil. The reactions were found to be a little sensitive to the burnup of the
reactor, especially to fissions in 239Pu grown-in to the fuel (coefficient = -0.011).
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The uncertainty analysis revealed the primary contributor to the 238U(n,2n)
reactions (and the 238U(n,γ) reactions) is the 235U χ. The uncertainty contribution from
the 238U(n,2n) cross-section itself was around 7.8%, which was within expected values
when compared to ENDF covariance data and differences between available nuclear data
libraries. The covariance data used in SCALE for the 235U χ warrants some further
examination, and a comparison calculation using a different covariance data set could be
performed with this model.
Overall, the new SCALE model of the WSU TRIGA reactor is a valuable tool. It
can be used to make predictions about future irradiation outcomes and help guide
experimentation, as well as provide insight into the quality of nuclear data available for
this type of complex system.
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APPENDIX A: Q Value Calculations of 238U Neutron Reactions
Q values for nuclear reactions represent the amount of energy absorbed or
released during the reaction process. A negative Q value indicates that energy is required
to be input for the reaction to proceed. Q is calculated by finding the difference in mass
between the reactants and products:
𝑄 = [(∑ 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑚𝑎𝑠𝑠𝑒𝑠) − (∑ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑠𝑠𝑒𝑠)] ∗ 𝑐 2

A-1

Where c = the speed of light constant.
Masses for the uranium isotopes relevant to this work are shown in Table A1 below, as
taken from “The 2016 Atomic Mass Evaluation” (AME) available on the Atomic Mass
Data Center website (Huang, et al., 2017).
Table A1: Atomic Masses of Uranium Isotopes and the Neutron
Isotope

Mass (amu)

+/- (amu)

236

U

236.045 566 201

1.19E-06

237

U
U

237.048 728 38

1.29E-06

238.050 786 996

1.60E-06

239.054 292 048
1.008 664 915 82

1.61E-06
4.90E-10

238
239

n

U

Using this data, the Q-values were determined for the following reactions:
238U(n,

2n)237U:

Q = [(238.050786996 + 1.00866491582)-(237.04872838 + 2*1.00866491582)]*c2
Q = -0.00660630 amu‧c2
Using the constant 1 amu‧c2 = 931.494028 MeV1
Q ≈ -6.1537288 MeV
Uncertainty = [(1.60E-6)2 + 3*(4.90E-10)2 + (1.29E-6)2]1/2 amu‧c2
* 931.494028 MeV / amu‧c2
Uncertainty = 0.00191650 MeV
Q(n,2n) = -6.1537 ± 0.0019 MeV

1

Knolls Chart of the Nuclides, 17th Ed. (Baum, et al., 2010)
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238U(n,

3n)236U:

Q = [(238.050786996 + 1.00866491582)-(236.045566201 + 3*1.00866491582)]*c2
Q = -0.012109037 amu‧c2
* 931.494028 MeV / amu‧c2
Q ≈ -11.27949532 MeV
Uncertainty = [(1.60E-6)2 + 4*(4.90E-10)2 + (1.19E-6)2]1/2 amu‧c2
* 931.494028 MeV / amu‧c2
Uncertainty = 0.001861134 MeV
Q(n,3n) = -11.2795 ± 0.0019 MeV
238U(n,

γ)239U:

Q = [(238.050786996 + 1.00866491582)-(239.054292048)]*c2
Q = 0.005159864 amu‧c2
* 931.494028 MeV / amu‧c2
Q ≈ 4.806382334 MeV
Uncertainty = [(1.60E-6)2 + (4.90E-10)2 (1.61E-6)2]1/2 amu‧c2
* 931.494028 MeV / amu‧c2
Uncertainty = 0.002117623 MeV
Q(n,γ) = 4.8064 ± 0.0021 MeV
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APPENDIX B: Reactivity Units
Reactor reactivity, ρ, is defined as:
𝜌=

𝑘𝑒𝑓𝑓 −1
𝑘𝑒𝑓𝑓

= ln(𝑘𝑒𝑓𝑓 )

B-1

where keff is the neutron multiplicity of a system, or the number of neutrons in a given
generation relative to the previous generation. These measures, k and ρ, describe the
system’s departure from criticality. If ρ = 0, the system is critical, and the further the
reactivity is from 0, the further the system is from criticality. The possible values for
reactivity are -∞ < ρ <1. If ρ is positive, the reactor is supercritical, and if ρ is negative,
then it is subcritical (Ligou, 1986). Typically, the reactivity is reported in units of percent
or per cent mille (pcm, one one-thousandth of a percent), which are x10-2 and x10-5
respectively. For example, if the reactivity of a system were 0.00022, then ρ = 0.022% or
22 pcm. This latter unit is useful to monitor small changes in otherwise steady state
operations.
Another common way to describe reactivity is in terms of dollars and cents,
particularly for reactors that pulse with large, rapid deviations from criticality. This form
of reactivity is useful for describing the “value” or “worth” of a transient control rod, and
the change it might induce on a system when suddenly removed or inserted. In these
cases, ρ can be thought of as a change from the initial state to the final state (Nair, 2016):
𝜌=

∆𝑘
𝑘

=

𝑘1 −𝑘0
𝑘1

B-2

To get units of dollars, ρ is normalized to the delayed neutron fraction of the system, β
(Usang, et al., 2016). As such, it is a measure of the prompt criticality of a system:
𝜌($) =

137

𝜌
𝛽

B-3

For TRIGA reactors, the value typically used for βeff = 0.0071 (General Atomics,
2019). For the WSU TRIGA, the value of eff was calculated in Section 6.4 as 0.00734.
Using the dollar convention, if the WSU TRIGA reactor were to be pulsed and have a
large reactivity insertion of $2.25, the administrative limit, then the corresponding
reactivity, ρ = ρ($) * β = ($2.25 * 0.00734) = 1.652% or 1,652 pcm. The total rod worth
(including blades) of the WSU TRIGA is ~$14.00 (WSU Nuclear Radiation Center,
2002).
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APPENDIX C: SCALE Input Code
The following input code is the version of the SCALE WSU TRIGA model that
was used to run criticality calculations and reaction rate determinations for this work.
Some parameters may have been modified from this input for certain calculations,
including the number of neutrons per generation and the total number of generations. A
separate input file was used for TSUNAMI-3D sensitivity/uncertainty analysis as
described in the text of this document. This input code has been truncated due to length
considerations by removing fuel components that vary only slightly in uranium (or other
burnup-related) isotopics. The components, arrays, and some fuel pin units are displayed
in 2-column format here for space conservation.
=csas6 parm=( )
WSU TRIGA
ce_v7.1_endf
'Washington State University Reactor Facility Model
'Geometry converted by K. Hinrichs from MCNP input deck received from
'
L. Greenwood, PNNL,8/2018
'Used for flux/spectrum determination of an irradiated DU foil housed in
'
a B-10 enriched B4C shield and for reaction rates in foils
'
'Model is for Core 35A
' No Xe-135
' Upgraded burn of STD fuel to 9/30/09
' Changed FLIP fuel to LEU 30/20
' Correct for some rearrangement of STD fuel clusters (3/28/09)
' Correct for discrepancy between GA and Exterminator II values
'
for U-234, U-236, and U238 (3/31/09). LEU Clusters assigned
' correct identification numbers (4/1/09).
' Correct for U-234, U-236 and U-238 in the LEU Clusters
' (4/10/09).
' Added DU and HEU foils inside B4C shield
' Added 1mm Cd liner around shield
'--------------------------------------------------------------------------------------------------------------------------------------read comp
graphite 45 0.7391304 400.0 end
'
graphite 46 0.7391304 500.0 end
h2o
1 1.0 293.6 end
graphite 47 0.7391304 600.0 end
aluminum 2 1.0 293.6 end

'Boral (from ARH-600, 35% B4C 65%Al)
Al-27 5 0 0.038306 293.6 end
C 5 0 0.010073 293.6 end
B-10 5 0 0.008058 293.6 end
B-11 5 0 0.032233 293.6 end

ss304s 3 1.0 end
graphite 4 0.7391304 293.6 end
graphite 44 0.7391304 300.0 end
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' 2" section of lower adaptor
H-1 6 0 0.028748 293.6 end
O-16 6 0 0.014374 293.6 end
Al-27 6 0 0.033455 293.6 end
Fe-56 6 0 0.000286 293.6 end

'STD Fuel Row 2, column 1
h-zrh2 11 0 0.054712 293.6 end
zr90-zr5h8 11 0 0.018359 293.6 end
zr91-zr5h8 11 0 0.004004 293.6 end
zr92-zr5h8 11 0 0.006120 293.6 end
zr94-zr5h8 11 0 0.006202 293.6 end
zr96-zr5h8 11 0 0.000999 293.6 end
C 11 0 0.0014891 293.6 end
Hf 11 0 2.1410e-6 293.6 end
Sm-149 11 0 2.0356e-8 293.6 end
Sm-151 11 0 5.2297e-8 293.6 end
Pm-147 11 0 4.7733e-7 293.6 end
Nd-143 11 0 1.4128e-6 293.6 end
Cs-133 11 0 1.6637e-6 293.6 end
Xe-131 11 0 6.6759e-7 293.6 end
Rh-103 11 0 7.5140e-7 293.6 end
Pu-239 11 0 2.3497e-6 293.6 end
Pu-240 11 0 1.2483e-7 293.6 end
U-234 11 0 1.8551e-6 293.6 end
U-235 11 0 2.2612e-4 293.6 end
U-236 11 0 7.5712e-6 293.6 end
U-238 11 0 1.0047e-3 293.6 end

' 5" section of grid plate
H-1 7 0 0.030788 293.6 end
O-16 7 0 0.015394 293.6 end
Al-27 7 0 0.031663 293.6 end
Fe-56 7 0 0.000271 293.6 end
'Boron Carbide Transient Fuel Rod
B-10 8 0 0.02095 293.6 end
B-11 8 0 0.08431 293.6 end
C 8 0 0.02632 293.6 end
'Enriched B-10 Carbide Transient Fuel Rod
B-10 80 0 0.10526 293.6 end
C 80 0 0.02632 293.6 end
'DU foil
U-238 81 0 4.8235e-2 293.6 end
U-235 81 0 1.8481e-5 293.6 end
U-234 81 0 1.4621e-7 293.6 end

'four more entries of Std fuel removed here for
brevity

'HEU foil
wtptHEU 82 19.1 1
92000 100.0
1.0 293.6
92238 7.0 92235 93.0 end

'STD Fuel Row 3, Column 2
h-zrh2 16 0 0.054712 293.6 end
zr90-zr5h8 16 0 0.018359 293.6 end
zr91-zr5h8 16 0 0.004004 293.6 end
zr92-zr5h8 16 0 0.006120 293.6 end
zr94-zr5h8 16 0 0.006202 293.6 end
zr96-zr5h8 16 0 0.000999 293.6 end
C 16 0 0.0014891 293.6 end
Hf 16 0 2.1410e-6 293.6 end
Sm-149 16 0 1.7372e-8 293.6 end
Sm-151 16 0 6.4573e-8 293.6 end
Pm-147 16 0 8.0791e-7 293.6 end
Nd-143 16 0 2.6018e-6 293.6 end
Cs-133 16 0 3.1436e-6 293.6 end
Xe-131 16 0 1.2531e-6 293.6 end
Rh-103 16 0 1.4134e-6 293.6 end
Pu-239 16 0 3.9868e-6 293.6 end
Pu-240 16 0 4.0779e-7 293.6 end
U-234 16 0 1.8119e-6 293.6 end
U-235 16 0 2.0003e-4 293.6 end
U-236 16 0 1.1751e-5 293.6 end
U-238 16 0 1.0051e-3 293.6 end

'Cd liner
wtptCd 83 8.7 1
48000 100 1.0 293.6
48106 1.25
48108 0.89
48110 12.49
48111 12.80
48112 24.13
48113 12.22
48114 28.73
48116 7.49 end
'Zirconium
zr 9 1.0 293.6 end
hf 9 0 0.00006 293.6 end
'Air, rho=0.001205 g/cc
wtptair 10 0.001205 4
6012 0.0124
7014 75.5267
8016 23.1781
18000 1.2827
1.0 293.6 end

eleven more entries of Std fuel removed here for
brevity
' 30/20 LEU Fuel (0.9 wt% erbium 30/20 fuel), Row 3,
Column 3
h-zrh2 31 0 0.04915763 300.0 end
zr90-zr5h8 31 0 0.01660783 300.0 end
zr91-zr5h8 31 0 0.00362177 300.0 end
zr92-zr5h8 31 0 0.00553594 300.0 end
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zr94-zr5h8 31 0 0.00561019 300.0 end
zr96-zr5h8 31 0 0.00090383 300.0 end
C 31 0 0.00178701 300.0 end
Hf 31 0 1.937e-6 300.0 end
Er-166 31 0 0.00007697 300.0 end
Er-167 31 0 0.00005255 300.0 end
U-234 31 0 0.00000704 300.0 end
U-235 31 0 0.00106538 300.0 end
U-236 31 0 0.00000618 300.0 end
U-238 31 0 0.00427427 300.0 end

zr91-zr5h8 37 0 0.00362177 400.0 end
zr92-zr5h8 37 0 0.00553594 400.0 end
zr94-zr5h8 37 0 0.00561019 400.0 end
zr96-zr5h8 37 0 0.00090383 400.0 end
C 37 0 0.00178701 400.0 end
Hf 37 0 1.937e-6 400.0 end
Er-166 37 0 0.00007811 400.0 end
Er-167 37 0 0.00005332 400.0 end
U-234 37 0 0.00000709 400.0 end
U-235 37 0 0.00107418 400.0 end
U-236 37 0 0.00000623 400.0 end
U-238 37 0 0.00430520 400.0 end

five more entries of LEU 30/20 fuel removed here for
brevity

'six more entries of LEU 30/20 fuel removed here for
' 30/20 LEU Fuel (0.9 wt% erbium 30/20 fuel), Row 4,
brevity
Column 4
h-zrh2 37 0 0.04915763 400.0 end
end comp
zr90-zr5h8 37 0 0.01660783 400.0 end
'--------------------Parameters----------------------------------------------read parameters
npg=500000
gen=5000
nsk=200
scd=yes
flx=yes
htm=no
fdn=yes
plt=yes
'pnu = yes for beta calc.
end parameters
'--------------------Reactions----------------------------------------------read reaction
mixlist 81 82 end nuclist 92238 92235 end MTlist 16 102 18 end
mix 10 nuc=* MT=101
mix 80 nuc=* MT=101
RRTally=yes
XSTally=yes
mixflx=yes
prntrr=yes
prntflx=yes
end reaction
'----------------------Geometry----------------------------------------------read geometry
'Corner Grid Box Element
unit 1
cuboid 82 4p3.2512 31.4264 -34.3245
media 1 1 82 vol= 11120.209094
cuboid 81 4p3.8862 31.4264 -34.3245
media 2 1 81 -82 vol= 4764.869120
boundary 81
'Graphite Reflector Elements
unit 2
cuboid 701 4p3.6513 31.4264 -34.3245
media 4 1 701 vol= 70127.964670
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cuboid 702 4p3.8100 31.4264 -34.3245
media 2 1 702 -701 vol= 6230.774544
cuboid 703 4p3.8862 31.4264 -34.3245
media 1 1 703 -702 vol= 3079.906965
boundary 703
'Empty Water Element
unit 3
cuboid 73 4p3.8862 31.4264 -34.3245
media 1 1 73 vol= 11915.559998
boundary 73
'Rotator Tube Elements (Empty ones)
unit 4
zcylinder 713 3.810 -31.7845 -34.3245
media 2 1 713 -712 -711 vol= 579.166217
zcylinder 712 3.683 31.4264 -31.7845
media 1 1 712 vol= 13468.367550
zcylinder 711 3.810 31.4264 -31.7845
media 2 1 711 -712 vol= 944.867731
cuboid 194 4p3.8862 31.4264 -34.3245
media 1 1 194 -711 -713 vol= 4868.068661
boundary 194
'Rotator Tube Element for Enriched B-10 boron carbide irradiation
unit 5
zcylinder 813 3.810 -31.7845 -34.3245
media 2 1 813 -812 -811 vol= 115.833167
zcylinder 812 3.683 31.4264 -31.7845
media 1 1 812 -815 -819 vol= 2408.58
zcylinder 811 3.810 31.4264 -31.7845
media 2 1 811 -812 vol= 188.967843
'DU modeled as a cylinder
zcylinder 817 0.0563 -0.5 -3.5
media 81 1 817 vol=0.029873
'HEU modeled as cuboid
cuboid 818 0.0385 -0.0385 0.005 -0.005 3.5 0.5
media 82 1 818 vol=0.002309
zcylinder 816 0.5 4.0 -4.0
media 10 1 816 -817 -818 vol= 6.251
zcylinder 815 2.5 6.0 -6.0
media 80 1 815 -816 vol= 229.336732
zcylinder 819 2.60 6.0 -6.0
media 83 1 819 -815 vol=19.23
cuboid 814 4p3.8862 31.4264 -34.3245
media 1 1 814 -813 -811 -812 vol= 973.410658
boundary 814
'--------------Fuel Element Arrays-----------------------------'------Row 2----------'Single Standard Fuel Pin for Row 2, Column 1
unit 7
'SS Top Fitting
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241

'SS Top
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
'Graphite top reflector
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
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'Zr Rod
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
'Fuel Meat
zcylinder 305 1.741 19.05 -19.05
media 11 1 305 -304 vol= 1402.956715
'Graphite bottom reflector
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
'SS bottom
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
'SS Bottom fitting
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
'Clad
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
'Water outside pin
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

array 10 160 place 1 1 1 -1.9431 -1.9431 0
boundary 160
'Single Standard Fuel Pin for Row 2, Column 3
unit 11
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 13 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 2, column 1
unit 8
cuboid 159 4p3.8862 31.4264 -34.3245
array 8 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 2, column 3
unit 12
cuboid 160 4p3.8862 31.4264 -34.3245
array 12 160 place 1 1 1 -1.9431 -1.9431 0
boundary 160

'Single standard fuel pin, for row 2, column 2
unit 9
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 12 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Single Standard Fuel Pin for Row 2, Column 6
unit 13
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 14 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 2, column 2
unit 10
cuboid 160 4p3.8862 31.4264 -34.3245
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media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 2, column 6
unit 14
cuboid 159 4p3.8862 31.4264 -34.3245
array 14 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 3, column 2
unit 18
cuboid 159 4p3.8862 31.4264 -34.3245
array 18 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'------Row 3----------'Single Standard Fuel Pin for Row 3, Column 1
unit 15
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 15 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Single LEU Fuel Pin for Row 3, Column 3
unit 19
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 44 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 31 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 44 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 3, column 1
unit 16
cuboid 159 4p3.8862 31.4264 -34.3245
array 16 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 3, column 3
unit 20
cuboid 159 4p3.8862 31.4264 -34.3245
array 20 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Single Standard Fuel Pin for Row 3, Column 2
unit 17
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 16 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855

'Single LEU Fuel Pin for Row 3, Column 4
unit 22
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 44 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 32 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 44 1 306 -305 -304 vol= 333.875682
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zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

zcylinder 305 1.741 19.05 -19.05
media 34 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 44 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 3, column 4
unit 23
cuboid 159 4p3.8862 31.4264 -34.3245
array 23 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 3, column 6
unit 27
cuboid 159 4p3.8862 31.4264 -34.3245
array 27 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Single LEU Fuel Pin for Row 3, Column 5
unit 24
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 45 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 33 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 45 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Single Standard Fuel Pin for Row 3, Column 7
unit 28
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
'Fuel Meat
zcylinder 305 1.741 19.05 -19.05
media 17 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 3, column 5
unit 25
cuboid 159 4p3.8862 31.4264 -34.3245
array 25 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 3, column 7
unit 29
cuboid 159 4p3.8862 31.4264 -34.3245
array 29 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Single LEU Fuel Pin for Row 3, Column 6
unit 26
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 44 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666

'------Row 4----------'Single Standard Fuel Pin for Row 4, Column 1
unit 32
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
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zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 18 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

boundary 159
'Single LEU Fuel Pin for Row 4, Column 3
unit 36
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 44 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 36 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 44 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 4, column 1
unit 33
cuboid 159 4p3.8862 31.4264 -34.3245
array 33 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 4, column 3
unit 37
cuboid 159 4p3.8862 31.4264 -34.3245
array 37 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Single LEU Fuel Pin for Row 4, Column 2
unit 34
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 44 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 35 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 44 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Single LEU Fuel Pin for Row 4, Column 4
unit 38
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 45 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 37 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 45 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 4, column 2
unit 35
cuboid 159 4p3.8862 31.4264 -34.3245
array 35 159 place 1 1 1 -1.9431 -1.9431 0
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'Array of 4 matching fuel pins, row 4, column 4
unit 39
cuboid 159 4p3.8862 31.4264 -34.3245
array 39 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Single LEU Fuel Pin for Row 4, Column 6
unit 44
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 45 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 38 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 45 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Transient Control Rod (B4C), Row 4, column 5
'this is the part within the core only...global unit
contains top portion
unit 40
'B4C inner rod
zcylinder 752 1.524 39.308 1.208
media 8 1 752
'Al clad around boron carbide rod
zcylinder 753 1.5875 39.308 1.208
media 2 1 753 -752
'Al solid bottom
zcylinder 754 1.5875 1.208 -0.062
media 2 1 754 -753 -752
'Water surrounding Rod
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -752 -753 -754
boundary 310
'Single LEU Fuel Pin for Row 4, Column 5
unit 42
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 47 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 43 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 47 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 4, column 6
unit 45
cuboid 159 4p3.8862 31.4264 -34.3245
array 45 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159
'Single standard Fuel Pin for Row 4, Column 7
unit 46
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 44 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 19 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 44 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 3 matching fuel pins + control rod, row 4,
column 5
unit 43
cuboid 159 4p3.8862 31.4264 -34.3245
array 43 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 4, column 7
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unit 47
cuboid 159 4p3.8862 31.4264 -34.3245
array 47 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'------Row 5----------'Single standard Fuel Pin for Row 5, Column 1
unit 48
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 20 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 5, column 2
unit 52
cuboid 159 4p3.8862 31.4264 -34.3245
array 52 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159
'Single LEU Fuel Pin for Row 5, Column 3
unit 53
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 44 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 39 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 44 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 5, column 1
unit 49
cuboid 159 4p3.8862 31.4264 -34.3245
array 49 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 5, column 3
unit 54
cuboid 159 4p3.8862 31.4264 -34.3245
array 54 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Single standard Fuel Pin for Row 5, Column 2
unit 50
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 21 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855

'Single LEU Fuel Pin for Row 5, Column 4
unit 55
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 44 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 40 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 44 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
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media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

media 42 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 44 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 5, column 4
unit 56
cuboid 159 4p3.8862 31.4264 -34.3245
array 56 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 5, column 6
unit 60
cuboid 159 4p3.8862 31.4264 -34.3245
array 60 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Single LEU Fuel Pin for Row 5, Column 5
unit 57
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 45 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 41 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 45 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Single Standard Fuel Pin for Row 5, Column 7
unit 62
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 22 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 5, column 5
unit 58
cuboid 159 4p3.8862 31.4264 -34.3245
array 58 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 5, column 7
unit 63
cuboid 159 4p3.8862 31.4264 -34.3245
array 63 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Single LEU Fuel Pin for Row 5, Column 6
unit 59
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 44 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05

'------Row 6----------'Single Standard Fuel Pin for Row 6, Column 1
unit 64
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
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zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 23 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Single Standard Fuel Pin for Row 6, Column 3
unit 68
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 25 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 6, column 1
unit 65
cuboid 159 4p3.8862 31.4264 -34.3245
array 65 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159
'Single Standard Fuel Pin for Row 6, Column 2
unit 66
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 24 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 6, column 3
unit 69
cuboid 159 4p3.8862 31.4264 -34.3245
array 69 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159
'Single Standard Fuel Pin for Row 6, Column 6
unit 70
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 26 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155
media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Array of 4 matching fuel pins, row 6, column 2
unit 67
cuboid 159 4p3.8862 31.4264 -34.3245
array 67 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'Array of 4 matching fuel pins, row 6, column 6
unit 72
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cuboid 159 4p3.8862 31.4264 -34.3245
array 72 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

media 4 1 306 -305 -304 vol= 333.875682
zcylinder 307 1.741 -27.8155 -29.0855
media 3 1 307 -306 vol= 48.373979
zcylinder 308 1.27 -29.0855 -34.3245
media 3 1 308 -307 vol= 106.185570
zcylinder 309 1.792 29.3624 -29.0855
media 3 1 309 -307 -306 -305 -303 -302 vol=
132.337996
cuboid 310 4p1.9431 31.4264 -34.3245
media 1 1 310 -309 -301 -308 vol= 1456.968948
boundary 310

'Single Standard Fuel Pin for Row 6, Column 7
unit 73
zcylinder 301 1.3895 31.4264 29.3624
media 3 1 301 -302 vol= 50.077241
zcylinder 302 1.741 29.3624 27.7368
media 3 1 302 -303 vol= 61.918694
zcylinder 303 1.741 27.7368 19.05
media 4 1 303 -304 -305 vol= 330.878019
zcylinder 304 0.3175 19.05 -19.05
media 9 1 304 vol= 48.262666
zcylinder 305 1.741 19.05 -19.05
media 27 1 305 -304 vol= 1402.956715
zcylinder 306 1.741 -19.05 -27.8155

'Array of 4 matching fuel pins, row 6, column 7
unit 74
cuboid 159 4p3.8862 31.4264 -34.3245
array 74 159 place 1 1 1 -1.9431 -1.9431 0
boundary 159

'-----------------------------------------------'Upper/Lower Control Blades, B4C with Al shroud in front, behind, below
unit 75
cuboid 108 13.335 -13.335 0.47625 -0.47625 25.4 -25.4
media 5 1 108 vol= 3871.473148
cuboid 106 13.335 -13.335 0.47625 0.79375 25.7175 -25.7175
media 2 1 106 -108 vol= 1306.622186
cuboid 107 13.335 -13.335 -0.47625 -0.79375 25.7175 -25.7175
media 2 1 107 -108 vol= 1305.102858
cuboid 109 13.335 -13.335 0.47625 -0.47625 -25.4 -25.7175
media 2 1 109 -108 vol= 24.196707
cuboid 115 13.335 -13.335 0.79375 -0.79375 25.7175 -25.7175
media 1 1 115 -106 -107 -108 -109 vol= 24.196707
boundary 115
'-----------------------------------------------global unit 2000
'Array for Row 1 (Corner-G-G-G-G-G-G-G-Corner)
cuboid 13 34.9758 -34.9758 29.7434 21.9710 31.4264 -34.3245
array 1 13 place 1 1 1 -31.0896 25.8572 0
'Array for Row 2 (Std-Std-Std-G-G-Std-G-G-G)
cuboid 21 2p34.9758 21.9710 14.1986 31.4264 -34.3245
array 2 21 -13 place 1 1 1 -31.0896 18.0848 0
'Array for Row 3 (Std-Std-LEU-LEU-LEU-LEU-Std-Rot-Water)
cuboid 31 2p34.9758 11.6586 3.8862 31.4264 -34.3245
array 3 31 place 1 1 1 -31.0896 7.7724 0
'Array for Row 4 (Std-LEU-LEU-LEU-Trans-LEU-Std-RotB4C-Rot)
cuboid 41 2p34.9758 3.8862 -3.8862 31.4264 -34.3245
array 4 41 -31 place 1 1 1 -31.0896 0 0
'Array for Row 5 (Std-Std-LEU-LEU-LEU-LEU-Std-Rot-Rot)
cuboid 51 2p34.9758 -3.8862 -11.6586 31.4264 -34.3245
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array 5 51 -41 place 1 1 1 -31.0896 -7.7724 0
'Array for Row 6 (Std-Std-Std-G-G-Std-Std-Rot-Water)
cuboid 61 2p34.9758 -14.1986 -21.9710 31.4264 -34.3245
array 6 61 place 1 1 1 -31.0896 -18.0848 0
'Array for Row 7 (Corner-G-W-G-G-G-G-G-Corner)
cuboid 71 34.9758 -34.9758 -21.9710 -29.7434 31.4264 -34.3245
array 7 71 -61 place 1 1 1 -31.0896 -25.8572 0
'Transient Control Rod--the half above the core (bottom half in array 4)
zcylinder 211 1.5875 44.8985 43.6285 origin x=-1.9431 y=1.9431
media 2 1 211 -212
zcylinder 212 1.524 43.6285 31.4264 origin x=-1.9431 y=1.9431
media 8 1 212 -41
zcylinder 213 1.5875 43.6285 31.4264 origin x=-1.9431 y=1.9431
media 2 1 213 -212 -41
'Upper Control Region
cuboid 101 34.9758 -34.9758 14.1986 13.8811 31.4264 -34.3245
cuboid 102 34.9758 -34.9758 11.9761 11.6586 31.4264 -34.3245
cuboid 103 -27.94 -34.9758 13.8811 11.9761 31.4264 -34.3245
cuboid 104 1.27 -1.27 13.8811 11.9761 31.4264 -34.3245
cuboid 105 34.9758 29.21 13.8811 11.9761 31.4264 -34.3245
media 2 1 101 -21 vol= 1462.000279
media 2 1 102 -31 vol= 1456.906201
media 2 1 103 -101 -102 -106 vol= 881.267926
media 2 1 104 -101 -102 -110 -106 vol= 318.100673
media 2 1 105 -101 -102 -110 vol= 722.141670
'Upper Boral Control Blade with Al shroud (adjustable z-height)
cuboid 106 -1.27 -27.94 13.7224 12.1349 51.515 0.08
hole 75 origin x=-14.605 y=12.92865 z= 25.7975
'Upper Stainless Steel control plate (adjustable z-height)
cuboid 110 29.21 1.27 13.7224 12.1349 51.515 10.24
media 3 1 110 vol= 1830.356863
'Lower Control Region
cuboid 121 34.9758 -34.9758 -11.6586 -11.9761 31.4264 -34.3245
cuboid 122 34.9758 -34.9758 -13.8811 -14.1986 31.4264 -34.3245
cuboid 123 -27.94 -34.9758 -11.9761 -13.8811 31.4264 -34.3245
cuboid 124 1.27 -1.27 -11.9761 -13.8811 31.4264 -34.3245
cuboid 125 34.9758 27.94 -11.9761 -13.8811 31.4264 -34.3245
media 2 1 121 -51 vol= 1456.906201
media 2 1 122 -61 vol= 1462.000279
media 2 1 123 -121 -122 -130 vol= 881.267926
media 2 1 124 -121 -122 -130 -132 vol= 318.100673
media 2 1 125 -121 -122 -132 vol= 881.267926
'Lower Left Boral Control Blade with Al shroud (adjustable z-height)
cuboid 130 -1.27 -27.94 -12.1349 -13.7224 51.515 0.08
hole 75 origin x=-14.605 y=-12.92865 z=25.7975
'Lower Right Boral Control Blade with Al shroud (adjustable z-height)
cuboid 132 27.94 1.27 -12.1349 -13.7224 51.515 0.08
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hole 75 origin x=14.605 y=-12.92865 z=25.7975
'Lower 2" Adaptor Region under Al grid box
cuboid 801 35.6108 -35.6108 30.3784 -30.3784 -34.3245 -39.4045
media 6 1 801 -90 vol= 21982.456314
'Lower 5" Grid Plate
cuboid 802 35.6108 -35.6108 30.3784 -30.3784 -39.4045 -52.1045
media 7 1 802 -801 vol= 54956.143407
'Al grid box sides
cuboid 90 35.6108 -35.6108 30.3784 -30.3784 31.4264 -34.3245
cuboid 91 34.9758 -34.9758 29.7434 -29.7434 31.4264 -34.3245
media 2 1 90 -91 vol= 10923.110973
media 1 1 91 -101 -102 -103 -104 -105 -110 -13 -21 -31 -41
-51 -61 -71 -121 -122 -123 -124 -125 -130 -132 vol= 12594.930122
'Water Box
cuboid 1001 60.6108 -60.6108 55.3784 -55.3784 90.4805 -77.1045
media 1 1 1001 -90 -211 -213 -110 -801 -802 vol= 1880907.077954
boundary 1001
end geometry
read array
ara=1 nux=9 nuy=1 nuz=1
fill 1 2 2 2 2 2 2 2 1 end fill

ara=12 nux=2 nuy=2 nuz=1
fill 11 11
11 11 end fill

ara=2 nux=9 nuy=1 nuz=1
fill 8 10 12 2 2 14 2 2 2 end fill

'array of 4 fuel pins, Row 2, Col 6
ara=14 nux=2 nuy=2 nuz=1
fill 13 13
13 13 end fill

ara=3 nux=9 nuy=1 nuz=1
fill 16 18 20 23 25 27 29 4 3 end fill

'array of 4 fuel pins, Row 3, Col 1
ara=16 nux=2 nuy=2 nuz=1
fill 15 15
15 15 end fill

ara=4 nux=9 nuy=1 nuz=1
fill 33 35 37 39 43 45 47 5 4 end fill
ara=5 nux=9 nuy=1 nuz=1
fill 49 52 54 56 58 60 63 4 4 end fill

'array of 4 fuel pins, Row 3, Col 2
ara=18 nux=2 nuy=2 nuz=1
fill 17 17
17 17 end fill

ara=6 nux=9 nuy=1 nuz=1
fill 65 67 69 2 2 72 74 4 3 end fill
ara=7 nux=9 nuy=1 nuz=1
fill 1 2 3 2 2 2 2 2 1 end fill

'array of 4 fuel pins, Row 3, Col 3
ara=20 nux=2 nuy=2 nuz=1
fill 19 19
19 19 end fill

'array of 4 fuel pins, Row 2, Col 1
ara=8 nux=2 nuy=2 nuz=1
fill 7 7
7 7 end fill

'array of 4 fuel pins, Row 3, Col 4
ara=23 nux=2 nuy=2 nuz=1
fill 22 22
22 22 end fill

'array of 4 fuel pins, Row 2, Col 2
ara=10 nux=2 nuy=2 nuz=1
fill 9 9
9 9 end fill

'array of 4 fuel pins, Row 3, Col 5
ara=25 nux=2 nuy=2 nuz=1
fill 24 24
24 24 end fill

'array of 4 fuel pins, Row 2, Col 3
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fill 53 53
53 53 end fill

'array of 4 fuel pins, Row 3, Col 6
ara=27 nux=2 nuy=2 nuz=1
fill 26 26
26 26 end fill

'array of 4 fuel pins, Row 5, Col 4
ara=56 nux=2 nuy=2 nuz=1
fill 55 55
55 55 end fill

'array of 4 fuel pins, Row 3, Col 7
ara=29 nux=2 nuy=2 nuz=1
fill 28 28
28 28 end fill

'array of 4 fuel pins, Row 5, Col 5
ara=58 nux=2 nuy=2 nuz=1
fill 57 57
57 57 end fill

'array of 4 fuel pins, Row 4, Col 1
ara=33 nux=2 nuy=2 nuz=1
fill 32 32
32 32 end fill

'array of 4 fuel pins, Row 5, Col 6
ara=60 nux=2 nuy=2 nuz=1
fill 59 59
59 59 end fill

'array of 4 fuel pins, Row 4, Col 2
ara=35 nux=2 nuy=2 nuz=1
fill 34 34
34 34 end fill

'array of 4 fuel pins, Row 5, Col 7
ara=63 nux=2 nuy=2 nuz=1
fill 62 62
62 62 end fill

'array of 4 fuel pins, Row 4, Col 3
ara=37 nux=2 nuy=2 nuz=1
fill 36 36
36 36 end fill

'array of 4 fuel pins, Row 6, Col 1
ara=65 nux=2 nuy=2 nuz=1
fill 64 64
64 64 end fill

'array of 4 fuel pins, Row 4, Col 4
ara=39 nux=2 nuy=2 nuz=1
fill 38 38
38 38 end fill

'array of 4 fuel pins, Row 6, Col 2
ara=67 nux=2 nuy=2 nuz=1
fill 66 66
66 66 end fill

'array of 3 fuel pins + control rod, Row 4, Col 5
ara=43 nux=2 nuy=2 nuz=1
fill 42 42
40 42 end fill

'array of 4 fuel pins, Row 6, Col 3
ara=69 nux=2 nuy=2 nuz=1
fill 68 68
68 68 end fill

'array of 4 fuel pins, Row 4, Col 6
ara=45 nux=2 nuy=2 nuz=1
fill 44 44
44 44 end fill

'array of 4 fuel pins, Row 6, Col 6
ara=72 nux=2 nuy=2 nuz=1
fill 70 70
70 70 end fill

'array of 4 fuel pins, Row 4, Col 7
ara=47 nux=2 nuy=2 nuz=1
fill 46 46
46 46 end fill

'array of 4 fuel pins, Row 6, Col 7
ara=74 nux=2 nuy=2 nuz=1
fill 73 73
73 73 end fill
end array

'array of 4 fuel pins, Row 5, Col 1
ara=49 nux=2 nuy=2 nuz=1
fill 48 48
48 48 end fill

end data
end

'array of 4 fuel pins, Row 5, Col 2
ara=52 nux=2 nuy=2 nuz=1
fill 50 50
50 50 end fill
'array of 4 fuel pins, Row 5, Col 3
ara=54 nux=2 nuy=2 nuz=1
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